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INTRODUCTION. 


A series of papers? at present appearing from this laboratory is devoted to 
the study of certain of the progressive physiological changes that occur in plants 
during ontogenesis. Such a study is essential to the understanding of the nature 
of the processes concerned in growth and the inter-relations that exist among them. 
This work has so far been carried out using annual gramineous plants as experi- 
mental material. The present paper is the first of an additional series in which the 
study has been extended to a plant that, while still an annual, differs considerably 
in its morphological attributes. In this series a new method of investigation has 
also been included. Experimental alteration of ontogenetic drifts forms an in- 
valuable aid in the study we are considering. So far this has been achieved by 
exploitation of the fact that ontogeny is affected by the nutrient supply ; we thus 
obtain some insight into the way in which the general pattern of growth can be 


modified by certain factors of the external environment. In the present investi- 


gation, however, experimental alteration in ontogeny has also been achieved 
through alteration in the morphological state of the plant by preventing inflores- 
cence development. One of the consequences of the application of the organismic 
conception to the study of development is an increasing realization of the signifi- 
eance of relationships at the higher levels of organization of the body. Such 
relationships include those among different organs of the plant ; and in particular 
there is reason to believe that the development of the inflorescence profoundly 
influences the later ontogeny of other organs such as the leaves. The method of 
the present work has enabled us to submit this influence to an extensive analysis. 


1 The work described in this paper was carried out as part of a general investigation on 
quality in tobacco undertaken by the Commonwealth Council for Scientific and Industrial Research. 

2 Ballard and Petrie (1936); Petrie (1937); Petrie and Williams (1938); Williams (1936, 
1938 and 1939). 
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Knowledge of the physiological ontogeny of the plant such as has been ob- 
tained in the present investigation is an essential foundation upon which an 
inquiry into problems concerning quality of tobacco must rest. 


EXPERIMENTAL PROCEDURE. 
Planting. 

On November 14, 1935 (day 0) seeds of the variety of Nicotiana tabacum L. known as 
‘Hickory Prior’’ were set to germinate in soil, and on day 23 one seedling was planted out into 
each of 240 pots which had each been filled with 15 kg. of water-washed sand. The pots were 
randomized in the glass-house within 6 blocks according to the treatment and time of harvesting 
for which they were destined. 


Nutrients. 


Each pot received a basal supply of nutrients in solution as follows: 


Ca(H.PO,)».H.0 0-40 gm. per pot. 
Ca( NOx) o.4H.O ee ss ae 
NH,NOz as » wp 
KCl 0-06 , » » 
MgS0O,.7H.O 5:06 5, yoy 
K.SO, _ 
MnSO, 0-02 ,, » » 
Ferric citrate 0-40 4, 5 


The pots were furthermore divided into 4 groups. Those of the first group received no further 
solution: those of the remaining 3 groups received increasing amounts of phosphorus as 
NaH.PO,. There were thus 4 phosphorus treatments, representing the following amounts of 


P as estimated by analysis of the solutions: 


treatment I 0-099 gm. per pot. 
II OG » » » 
ITI 0-999 ,, 5 5 
IV ae 


The basal nutrient solutions were applied in doses between days 20 and 34 and the sodium 
phosphate between days 28 and 31. Water was added frequently (during midsummer several 
times daily) in such amount as to restore the moisture content of the sand to 70 p.c. of its 
maximum water-holding capacity ; equal quantities of tap water were first added to the pots and 
the differential requirements made up with distilled water. Evaporation was restricted by 
spreading 1-38 kg. of fine gravel on the surface of each pot. 

Topping and Leaf Groups. 

On day 89 the plants were marked with tape immediately above the uppermost leaf to attain 
the length of 20 em.; the portion of the stem above this position was then severed on half the 
plants. The leaves below the position of topping had previously been divided by tape into three 
groups: the first or lowest group? and the second each contained 5 leaves; the third contained 
the remaining leaves up to the point of topping, the average number varying with treatment. In 
the untopped plants the leaves above the position corresponding to that of topping constituted a 
fourth group. As axillary buds developed they were removed, dried and stored, and the apex 





3 The first group was marked off just prior to harvest 3, and leaves dead at that time were 
excluded, 
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of each topped plant was also dried and stored. The appearance of typical plants with treatments 
I and IT is illustrated in Fig. 1. 


Harvests. 

Harvests were made at the following times: 1, day 23; 2, day 54; 3, day 77; 4a, day 91; 
4b, day 99; 5a, day 109; 5b, day 110; 6a, day 123; 6b, day 124; 7a, day 144; 7b, day 145. The 
appendages ‘‘a’’ and ‘‘b’’ designate harvests for untopped and topped plants respectively: it 
was found impracticable to harvest both sets of plants on the one day. Harvest 1 consisted of 
6 plants taken at the time of transplanting: the remaining harvests were each made from 24 pots 
giving 6 replicates, one from each block, for each treatment. At harvests 1 and 2 the leaves all 
belonged to the first group, while at harvest 3 the second and third groups were also represented. 
Separation of Parts, 

Immediately the plants were harvested the midribs of the leaves were excised and placed with 
the stems. The laminae were weighed in their groups without loss of time and tracings made of 
them for area measurements; these were subsequently carried out by the weighing method. 
Leaves and portions thereof that were completely dead were included in the weighings but their 
areas were not determined. At harvests 4a—7a the stem was severed immediately below the 
lowest panicle of the raceme, and the portion of the plant above this was classed as ‘‘inflor 
escence’’, The roots were sieved under water until almost free from sand. The true stem, 
midribs and axillary buds were grouped as ‘‘stem’’ fraction. The material of all fractions was 
dried at 100°C. for one night and then at 85°C. to constant weight; most of the remaining sand 
was then removed from the roots. 


Ripe ness, 

A leaf was regarded as having attained the stage of technical ripeness when yellowing of the 
upper portion commenced. For each group on each plant the time was observed when 3 of the 
leaves, or 4 in the third group when more than 6 were present, had attained this stage; this time 
was taken as the average time of attainment of ripeness of the group. Yellowing of the tip, 
however, is only a rough criterion of a developmental stage since it may occur when the rest 
of the leaf is in different ontogenetic states. 


ANALYSES OF VARIANCE. 


Analyses of variance were performed on the more important sets of data. 
The outstanding results of these are expressed in svmbolie form in Table 1 for the 
dry-weight data, and for the leaf areas in Table 3, thus leaving only broad con- 
clusions to be given in the text. 

The data for harvests 1-3 were generally omitted from the analyses. Where 
the values at harvests 4a and 4b differed only slightly, they were assumed to 
belong to the same harvest class; the data for the subsequent pairs of harvests 
were treated in the same way although actually they related to consecutive 
days. The error introduced by this assumption was regarded as slight. In certain 
cases, however, the data for harvests 4a and 4b differed considerably ; where this 
happened the analysis was performed on the data of harvests 5-7. In certain cases 
analyses were performed on the data for the topped and untopped plants separately 
and a greater number of harvests could then be embraced. In several instanees, 
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TABLE 1. 


Important Conclusions from Analyses of Variance of Dry-Weight Data. 


NOTES. 


A roman Arabic numeral represents a harvest number 


An italic Arabic numeral represents the mean dry weight for all treatments at the harvest signified 

A single Latin numeral represents, for the signified treatment, the mean dry weight over the range of 
data indicated. 

Hyphenated Latin numerals represent the average dry weight for the combined signified treatments over 
the range of data indicated 

U represents the mean dry weight of the untopped plants for all treatments combined over the range of 
data indicated. 

r represents the mean dry weight of the topped plants for all treatments combined over the range of 
data indicated 

> implies ‘‘significantly greater than’’. 
implies ‘‘insignificantly different from’’ 

implies that the analysis was performed on the logarithms of the dry-weight data 


Harvests for which 


data analysed. Significant differences. 
Total Plant. 
2 and 3* II-Il1-1V > 1; II-III > Iv. 
5-7, a and b T>U; I-Ill-IV >I; I-Ill > Iv. 
Total Leaves. 
2 and 3* II-I11-IV >1; II-III > IV. 
5-7,a and b T>U; II-IT-IV > 1; II-III > IV. 7a > 6a > 5a; 7b > 6b 5b; at 


each of 5,6 and 7: T>U. 
First Group Leaves. 


3-7a II-IlI > IV; II-III > 1; each of 3 and 4 > 5 > each of 6 and 7. 
4b-—7b II-III-IV >I; IIl-llI] = IV; each of 4 and 6 >7; 4 5 6. 
5-7, a and b II-I1I-I1V > I; II-III = IV; 6b > 5b > 7b; at each of 5,6 and7: 


, ge yi 


Second Group Leaves. 


3-7a 6>7. 

4b-7b IT-I1I-I1V > 1; I-11! IV; ¢=/?7. 

5-7,a and b II-IlI-IV >I; II-III=IV; 5a=6a> 7a; 6b> 7b. 
Third Group Leaves. 

4a-7a II-III-IV >1; II-llI > IV; 7>6. 

4b-7b II-III-IV >1; H-III>I1V;7>6. 

5-7, a and b T> U0; U-I-IV >I; Il-ll > IV. 
Fourth Group Leaves. 

5a-7a 7> 6. 


indicated in Table 1, where there was correlation between the treatment-harvest 
class means and the class variance, analyses were performed on the logarithms of 
the data (Cornish, 1936) ; elsewhere the data were treated untransformed. 


THE DRY WEIGHTS (Taste 1). 
SIGNIFICANCE OF TOPPING. 


The portion of the plant removed in topping had an average dry weight of 
slightly less than 2 gm., which is negligible in comparison with the dry weight of 
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Growth curves for the total plant (gm. per plant). 


included in the values for the topped plants. 


the whole plant at the time the operation was performed. 
of the results the process of topping can therefore be regarded as tantamount to 
the prevention of any further apical growth after a certain day. 


The vertical lines marked T in 
this and succeeding graphs indicate the point in time at which topping was performed; for 
comparative purposes this point in time has been marked in the graphs for the untopped plants as 
The dotted lines indicate corresponding points in time 
The dry weights of the severed apices were 


In the interpretation 
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Fig. 3. Growth curves (dry weight in gm. per plant) of plant parts, 
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Fig.4. Growth curves (dry weight in gm. per plant) of plant parts with treatments I and IT, 
the curves for the topped and untopped plants superimposed. In this and succeeding graphs 


U = untopped and T = topped. 


ToTaL PLANT (Fig. 2). 


It is seen from the graphs that the effective increase with treatment is between 
[ and II, and the analyses show that treatment IV produced a persistent depres- 
sion ; it is also noteworthy that topping has significantly increased the dry weight. 
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Main Parts (Figs. 3, 4, 8 and 14). 


The same general treatment effects can be seen in the curves for the parts in 
Fig. 3 as are shown by the whole plant: the weights are least with treatment I, 
and depression occurs with treatment IV. 

Topping has increased the leaf and root weights, but has negligibly affected 
that of the stem. The latter fraction in the untopped plants, however, included 
the portion of stem marked off for the fourth group of leaves, and also the axillary 
buds produced thereon. This portion was unrepresented in the topped plants; it 
follows that the dry weight of the stem below the position of topping tended to be 
greater in the topped than in the untopped plants by the dry weight of this fourth- 
group portion. As is suggested by Fig. 1, this was probably not large. The in- 
creased leaf and root growth in the topped plants tends to be the counterpart of 
the inflorescence in the untopped plants, and the excess of the total dry weight of 
the former plants over that of the latter, although significant, is small (Fig. 8). 
The increased leaf weight in the topped plants, which was achieved despite the 
smaller number of leaves, may be presumed to have been an important factor in 
causing the total dry weight to be greater in these plants; this will be considered 
subsequently in connection with the leaf weight ratio. 


Tue Lear Groups (Figs. 5-8). 
First Group. 

The treatment effects tend to be of the general type characteristic of the rest 
of the data. The combined treatment data show for the untopped plants a signifi- 
cant loss in weight after harvest 4, but for the topped plants loss cannot be shown 
to be significant till after harvest 6. The dry weight at the final harvest is greater 
in the topped plants. This difference, however, is not due to greater dry-matter 
accumulation in the leaves, since when topping was performed the leaves had at- 
tained their maximum dry weight (Figs. 6 and 7) : it is due to the smaller decline 
in weight during senescence in the topped plants. 


Second Group. 


The treatment effects again tend to be of the type already illustrated, although 
fewer points of significance are revealed by the analyses. Topping has caused a 
greater accumulation of dry matter in the leaves, resulting on the whole in delayed 
maxima. 


Third Group. 


Here we are not observing effects on the weight of a constant number of leaves. 
The mean number of leaves produced was: 
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treatment I 4-95, 
A I] 6-53, 
re Il 6-23, 


= IV 5-73; 


and analysis of variance shows that the order of significance is I << IV < II and 
Ill. The order of significance of the dry weights is the same, but clearly there is 
an effect on weight per leaf as well as on number of leaves. 

Dry weight increases significantly up to the last harvest. The weights are 
also significantly greater in the topped plants than in the untopped ; this compari- 
son is based on approximately equal leaf numbers, so that dry matter accumulation 
in the individual leaves has again been greater in the topped plants (Figs. 6 and 7). 


Fourth Group. 


Except for some very small leaves in the inflorescence, this group constitutes 
what would have been the leaf production of the severed apex. Although they 
cannot be shown to be significant the treatment effects tend to be the reverse of 
those in the other groups. This relationship is exhibited more definitely in the 
mean numbers of leaves in this group, which are as follows: 


treatment I 7:45, 
eS II 6-00, 
- III 6-47, 
i IV 7-40. 


Analysis of variance shows that the order of significance is I and IV > II and III. 
This difference between the effects of treatment I on the one hand, and II and III 
on the other, suggests that the total development of the axis at the time of topping 
was furthest from its culmination with treatment I. The data in addition suggest 
that excess phosphorus also delays development. 

When the third- and fourth-group dry weights are combined the treatment 
effects are of the same type as in the third group, and are greater than in the lower 
groups. The total number of leaves in the third and fourth groups combined also 
increases with each successive treatment. 

EXPLANATION OF FIGURE. 


Fig. 5. Growth curves (dry weight in gm. per plant) of leaf groups. The unbroken 
vertical lines (where necessary marked with appropriate treatment number) in this and succeeding 
graphs indicate the average time of attainment of ripeness for the group of leaves concerned. 
The significant differences indicated in this and other graphs represent 2-828 X the standard 
error of the mean of 6 replicates, and are therefore applicable to the comparison of individual 
points lying between the harvests indicated. The significant difference for the first group of the 
untopped plants is derived from analysis of variance of the combined data of harvests 3—-7a; 
that for the third group of the topped plants is derived from analysis of the combined data of 
harvests 4b—7b. 
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Fig. 6. Growth curves (dry weight in gm. per plant) of leaf groups with treatments I 
and ITI, the curves for the topped and untopped plants superimposed. The significant differences 
apply between the harvests indicated in the legend to Fig. 5. 
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Fig. 7. Growth curves (dry weight in gm. per plant) of leaf groups with treatments I11 
and IV, the curves for the topped and untopped plants superimposed. The significant differences 
apply between the harvests indicated in the legend to Fig. 5. 
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Dry weight in gm. of plant parts with treatments I and II, plotted additively to 
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COMPARISON WITH OTHER INVESTIGATIONS. 
General Features of Growth Curves. 

The sigmoid growth curve was also obtained for the tobacco plant by Morgan 
and Street (1935). Vladeseu (1934) found however that, where the axillary buds 
are allowed to develop, a second period of rapid growth supervenes on the first 
flattening of the growth curves. Growth differs from that of cereals (Ballard and 
Petrie, 1936; Williams, 1936) in the continued increase in weight of roots and 
leaves during the time of active inflorescence development (Fig. 8). 


Treatment Effects. 


These can be regarded as similar to those found for oats by Williams (1936), 
} Burgevin and Guyon (1933) and Strebeyko (1934), when account is taken of the 
absence of maxima in the curves for leaves and roots. In the present experiment, 
however, the formation of new branches in the shoot, and in the case of the topped 
plants further extension of the shoot after a certain point in time, were both pre- 
vented ; under such circumstances the capacity of the plants to respond to increased 
| phosphorus supply by increased growth must be limited in comparison with that 
} of plants capable of profuse tillering. 


Effect of Topping. 

Most other workers have obtained results similar to those recorded in the 
present paper. Avery (1937) found increased growth of the upper leaves of 
topped tobacco plants. Increased leaf growth was also found by Templeton (1931) 
as a result of topping cotton plants. Grebinskij (1937) found topping of tobacco 
plants at a lower level resulted in a greater vield of leaves than did performing 
this operation at a higher level. Berthold (1931) found increased root develop- 
ment as a result of topping. Larger plants were obtained as a result of removing 
the inflorescences in oats by Egerov (1915) and Majewski (1930). Murneek 
(1926, 1932) found in tomato plants that removal of flowers after fertilization 
produced an increase in dry weight of 42 p.c., and removal of flower buds an 
increase of 32 p.c. Vegetative growth was definitely inhibited by the presence of 
fruits, but continued in their absence. Similar effects were found in cucumber 
plants by Dearborn (1936). 

Austin (1935) on the contrary found in soya-bean plants that exfloration did 
not increase vegetative development, growth ceasing simultaneously in both the 
exflorated and normal plants. He attributed this to shortening of the length of 
day. <A eurious exception is also shown in data recorded by Morgan and Street 
(1935), where topping had little effect on the leaf weight and decreased that of 
the stems. Morgan and Street’s technique, however, differed from that used in 





the present investigation in that topping was performed at a slightly earlier stage 
of growth and axillary buds were not removed. 
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TABLE 2. 


Mean Days of Ripening of Leaves. 





UNTOPPED. TOPPED. 
Group Group 
Treatment Ist 2nd 3rd 1st 2nd 3rd 
I 95 117 139 94 122 142 
II 102 109 122 100 110 125 
III 102 107 121 101 107 123 
IV 103 107 124 102 108 27 


TIME OF RIPENING (Taste 2). 


In the first group ripening is slightly earlier with treatment f than with the 
others: in the second and third groups it is later. Ripening is naturally later the 
higher the position of the leaves on the stem; in the third group, and in the second 
group of the topped plants, it generally takes place before the leaves have attained 
their maximum dry weight. Topping has probably slightly delayed ripening. 

It is of interest to note that MeMurtrey (1938) found that phosphorus defi- 
ciency delayed ripening and that, contrary to the present results, Berthold (19351) 
found that topping accelerated it. 


THE LEAF AREAS (TABLE 3). 
Totau Leaves (Fig. 9). 


In this attribute there is again a marked increase between treatments I and IT, 
but depression caused by treatment IV soon passes off. The maxima for topped 
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Fig. 9. Curves of leaf area in sq. em. per plant for the total leaves. 
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Fig. 10. Curves of leaf area in sq. cm. per plant for the leaf groups. 
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and untopped plants are almost identical. Senescent decline in area is significantly 
less in the topped plants. The curves are in contrast to those of the dry weight 


(Fig. 3) which continue to rise till the end of the experiment. 


Tne Lear Groups (Figs. 10 and 11). 

First Group. 

Analysis of variance was confined to the data of harvests 5 and 6: the harvest 
4 data were omitted for reasons already given, and the differences among the values 
at harvest 7 have little meaning. The differences between the values with treat- 
ments I and II are greater than in the case of the dry weight (ef. Fig. 5). No 
significant effect of topping can be shown. In this group it appears that, while 
topping retarded loss in dry weight, it did not retard shrivelling of the leaves. 


TABLE 3. 
Important Conclusions from Analyses of Variance of Leaf-Area Data. 


NOTE 


The conventions of this table are as defined in the notes to Table 1. 


Harvest for which 


data analysed. Significant differences. 
Total Leaves. 
4-7, a and b Ey-E05-TV > 1; Ii = HE-IV; T= WU. 
7a and 7b =z > ©. 
First Group. 
5 and 6,a and b II-IlI-IV >I; II-IllI=IV; T=U. 
Second Group. 
5-7, a and b H-Diity > 1; B-Hi = IV; Tf > wv. 
Third Group. 
5-7, a and b II-IlI-IV >I; II-IlII>I1V;T>U. 


Second Group. 

Treatment effects are again typical. The values of the maxima are but little 
affected by topping, but senescent decline is on the whole later in onset in the 
topped plants. 

Third Group. 


The treatment effects are as in the previous groups, except that there is here 
a significant depression with treatment IV. The maximum is increased by topping 
and senescent decline does not commence within the time of the experiment. 


Fourth Group. 
The effects of treatment tend to resemble those in the dry-weight data for 
this group, but it is improbable that they could be shown to be significant, 
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THE RATIO OF LEAF DRY-WEIGHT TO AREA. 
THe Lear Groups (Figs. 12 and 13). 
In the first group, where the treatment effect on area is much more marked 
than on weight, the ratio is less with treatments II, II] and IV than with I. In 
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the other groups the relations tend to be similar, but less marked owing to the 
greater similarity of the effects on the terms of the ratio. The ratio continuously 
increases in the second and third groups, but in the first group increase is rela- 
tively slight till after maturity. The increases must be contributed to by the 
shrivelling of the leaves during senescence, and also by the rise in dry weight after 
area has attained its maximum. The value of the ratio at any given stage of growth, 
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such as maximum area or time of ripening, is greater the higher the group of 
leaves on the plant. In all cases, except the first group with treatment I, the ratio 
is greater in the topped plants up to the time of ripening; the subsequent drifts 
are probably of little significance since they are influenced by the inaccuracy of 
measurement of the areas of the dying leaves. 
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PERCENTAGE OF TOTAL DRY WEIGHT 
PERCENTAGE OF TOTAL DRY WEIGHT 
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Fig. 14. Diagrams showing the relative proportions of the plant parts with treatment IT 
during the growing period. The ungerminated seed has been arbitrarily classed as stem. 


RESULTS OF OTHER INVESTIGATIONS. 


Smirnov (1928) found in Helianthus and Nicotiana that the average value 
of the ratio of leaf weight to area increased with time during the growing period. 
Portsmouth (1937) found an increase after maturity for individual leaves of 
cotton plants, and a higher value for successively-formed leaves. Gregory and 
Richards (1929) found that with phosphorus deficiency the ratio was higher than 
with full manurial supply. The present results thus conform with previous 
findings. 


THE RELATIVE GROWTH RATE (Fig. 15). 


Relative growth rate (R) was calculated from the customary formula (see 
3allard and Petrie, 1936). For each inter-harvest period separate values were 
calculated for each block from the dry weights pertaining to the appropriate pair 








EXPLANATION OF FIGURE. 

Fig.15. Curves of relative growth rate (R), leaf weight ratio (Fy) and unit leaf rate ( Ey). 
The significant differences were derived from analysis of the combined data for the untopped 
plants for harvest 2—7a in the case of Fy, and harvest intervals 1-2 to 6a—7a in the case of Ey. 
The first points for R and E,, for the topped plants apply to the interval between the time of 
topping and harvest 4b. The figure also gives the maximum daily temperatures in the glass- 
house during the course of the experiment; the large points on this chart are the means of these 
temperatures for the inter-harvest periods. 
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Fig. 16. Curves of leaf area ratio (F4) and unit leaf rate (Ey). The first points for 


E, for the topped plants apply to the interval between the time of topping and harvest 4b. 
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of pots, and the means of these values are given in the graphs. An exception exists 
in the ease of the first point for the topped plants: here for each treatment an inter- 
polation on the dry-weight curve was made at the time of topping, and this was 
taken as W, for use with each of the six W. values given by the dry weights at 
harvest 4b. 

Owing to the variability of the data the treatment effects on the dry weights 
described in previous pages are not clearly revealed in terms of R. The curves as 
a whole show the characteristic early maximum, followed by a decline throughout 
the greater part of the growing period. Williams (1936) found in oats that R was 
initially greater with high phosphorus supply ; but later in the life of the plants R 
fell more rapidly with high supply, so that the curves intersected and the low phos- 
phorus plants had the greater R values. In the present experiment the inter- 
section is suggested in the case of the untopped plants, but cannot be shown to be 
significant by analysis of variance. 

No significant effect of topping can be shown. 


THE LEAF WEIGHT AND AREA RATIOS (Figs. 14 and 15). 


There is a decline in leaf weight ratio (fw) throughout the whole of the 
growing period ; the usual peak seen in the data of Ballard and Petrie (1936) and 
Williams (1936) must therefore have occurred at or prior to harvest 1.4 It is 
also seen that topping has delayed the final stages of the decline. At harvest 2, 
Fw increases with treatment up to III, the value with treatment III being signifi- 
cantly greater than with treatment I. Later there is a tendency for the respective 
positions of the curves to reverse, although this cannot be shown to be significant. 
Much more marked interecrossing was found by Williams. The curves for the 
topped plants show no tendency to reverse, as might have been expected in the 
absence of the inflorescence. 

The curves for leaf area ratio (F'4) (Fig. 16) show that there is a general ten- 
dency for this quantity to increase with treatment : the tendency to reversal shown 
by the Fw curves is obliterated by the large increase in leaf area produced by the 
higher treatments as compared with treatment I. 


THE UNIT LEAF RATE (Figs. 15 and 16). 

The unit leaf rate was calculated on both weight (Ew) and area (£4) bases, 
according to the formulae quoted by Ballard and Petrie (1936). Means of 6 
values were obtained as for R, and the first values for the topped plants were again 
based on interpolations, these being necessary in the leaf dry-weight curves as 
well as in those for the whole plant. 

The eurves for both Ew and Ey, show a maximum at harvest interval 2-3, 
followed by a continuous decline. The first values may be abnormal as a result of 





4 The numerator of Fy is ‘conventionally taken ‘as the dry weight “of exposed lamina (ef. 
Ballard and Petrie, 1936). 
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a temporary set-back to the plants following transplantation. In Fig. 15 is given 
the drift in the mean maximum temperature, which is the measure of the environ- 
mental drift that may be most closely related to Ey (Williams, 1939) ; the tem- 
perature changes seem unlikely to be of sufficient magnitude to account for the 
maximum. 

Analysis of variance of the data for the untopped plants revealed no con- 
sistent effects of treatment as a whole. The curve for treatment I in these plants is 
uppermost at the penultimate harvest interval, but this is significant only as 
compared with the curve for treatment IV. The treatment effects in the topped 
plants cannot be shown to be significant, nor has topping itself any consistent 
effect. The curves for Ey (Fig. 16) are on the whole similar to those for Ew. 


DISCUSSION. 

Ontogenetie changes have been observed in this work under a variety of con- 
ditions: under conditions of different phosphorus supplies and in two widely 
different morphological states, namely in the presence and absence of inflorescence 
development. It is proposed now to collect the broad conclusions derived from 
considering the effects of these two types of variant. Such conclusions at this stage 
of the work are of necessity limited by the extent of the results so far presented ; 
the subsequent publication of further data will enable the conclusions to be added 
to and expanded, and will lead to fuller interpretation of facts already observed. 


Treatment Effects. 

The manner in which phosphorus treatment affects ontogeny has already been 
studied in some detail by Williams (1936, 1938) for oats, and it is by comparison 
with his findings that the present data will be most readily interpreted. Williams 
found increase in dry weight with increase in phosphorus supply, but temporary 
depression with very high treatment. He also found that there was a delay in 
certain aspects of ontogeny with phosphorus deficiency. R, Fw and Ew were at 
first greater with higher phosphorus treatments, but later fell more rapidly than 
with phosphorus deficiency ; the curves for low and high treatments thus inter- 
sected.® Williams considered these effects in relation to the nitrogen content of 
the plants. The early more rapid growth rate with increased phosphorus supply 
was due to the greater amount of phosphorus available; but the fact that the re- 
sulting plants were larger caused them to become nitrogen deficient, which led to 
earlier senescence. In the plants with low phosphorus treatment senescence was 
probably associated with phosphorus rather than nitrogen deficiency. Williams 
also pointed out that had a greater nitrogen supply been available the effects 
might have been different, and intersection of the curves might not have occurred ; 
he quoted evidence of Sommer (1936) that, with ample nitrogen supply, phos- 
phorus deficiency hastens rather than delays senescence. 


3 Figs. 5-7 of Williams (1935) are of interest here since they show the treatment effect on 
the rate of approach to the ultimate dry weight. 
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Turning now to the present work we see that the effects of treatment on dry 
weight are usually small, partly no doubt because of the restricted capacity of the 
plants for growth.® Increasing phosphorus supply from treatments I to II in 
general causes increase in dry weight, but treatment IV causes depression again. 
The treatment effect on leaf area is greater. Neither for the dry-weight nor the 
leaf-area data can it be concluded that the time of attainment of maximum is con- 
sistently affected by treatment. An effect of this type, however, is seen in the de- 
velopment of the axis, which appears to be delayed by phosphorus deficiency and 
by phosphorus excess. Effects on developmental rate are also expressed in the 
ripening data. In the first group ripening is earlier with low phosphorus supply ; 
probably this is a direct effect of phosphorus deficiency, and nitrogen is here in 
excess ; in this case the effect would conform with that obtained by Sommer. In 
the second and third groups high phosphorus supply hastens ripening, probably 
because of comparatively rapid fall in nitrogen content. 

In R, Fw and Ey intersection of the curves is suggested, but is late in the 
growing period. This is probably because the nitrogen supply was comparatively 
high in all treatments, and also because treatment effects are small. In Fy any 
tendency to reversal is obliterated by the large increase in area produced by the 
higher treatments as compared with treatment I. 

The Effect of Topping. 

The results of topping reveal the effect of the inflorescence in determining the 
later course of ontogenesis of other organs. Viewing the data as a whole, it is 
evident that assimilates that went to produce the inflorescence in the untopped 
plants, in the topped plants partly remained in the leaves and partly migrated to 
the roots. In the ease of the leaves, more dry matter accumulated in the second 
and third groups, and in the first group less dry matter was removed after accumu- 
lation had ceased. Even when the inflorescence was present, however, it did not 
take up total products of assimilation to the same relative extent as certain other 
plants. Comparison of the present data and those for Sudan grass (Ballard and 
Petrie, 1936) on the one hand, with those for wheat (Ballard and Petrie) and oats 
(Williams, 1936) on the other, brings out the relation between the magnitude of 
the inflorescence weight ratio and the time of incidence of maximum leaf and root 
weights. 

In the case of the leaf area, topping has had no effect in the first group of 
leaves, which had passed through a considerable portion of their ontogeny before 
the operation was performed. Thus while topping retarded loss in dry weight it 
did not retard shrivelling of the leaves. Possibly senescent break-down of the 
protoplasm proceeded as rapidly in the topped as in the untopped plants; but in 
the former there was an absence of sinks to which break-down products and storage 
material might be transferred. In the second group the maximum is little affected 





6 Greater treatment differences would, of course, have been obtained had the amounts of 
phosphorus supplied been smaller; restriction of capacity for growth probably implies only a 
lowering of the optimum phosphorus supply. 
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in magnitude, but is on the whole later in the topped plants; in the third group 
the maximum is increased by topping. The effect of topping thus increases from 
the base upwards probably because in the successive groups there was an increase 
in the number of leaves still adolescent at the time the operation was performed. 

It will be of interest now to analyse further the increase in leaf area following 
topping. A study has been made by Avery (1934) of the morphological effects of 
topping in the tobacco plant, and is of especial value since it applies quantitative 
measures to morphological attributes. Avery found that the increase in size of 
the upper leaves was due to an increase in cell size, the palisade and upper and 
lower epidermal cells being on the average 31 p.c. larger than the normal. The cell 
size of the fundamental tissue of the petiole did not increase in proportion to that 
of the tissues of the lamina, being on the average only 23 p.c. greater. Topping 


affected the number of cells only in the vascular tissue: cambial activity resulted 


in an average of 47 p.c. more lignified xylem elements in the petiolar bundles of the 
topped plants. There were also fewer secondary phloem cells in the petiolar 
bundles than in those of the corresponding leaves of untopped plants. Avery sug- 
gested that a partial cessation of phloem differentiation is associated with the 
reduction in translocation of material out of the leaves to developing flowers and 
seeds. 

The fact that the increase in leaf area resulting from topping is achieved by 
an increase in size and not in number of cells, conforms with Avery’s previous dis- 
covery (1933) that ecell-division ceased when the leaves are ¥5 to \% of their 
final size (in his material 6 to 7 em. long). In the present experiment all leaves 
below the point of topping had thus presumably ceased division when this opera- 
tion was performed. Avery (1935) has also shown that attainment of maturity of 
tobacco leaves is correlated with a complete disappearance of auxin. Since this 
hormone is known to be necessary for increase in cell size its absence probably ex- 
plains why topping increases the size only of leaves which have not yet attained 
maturity ; furthermore, from the work of du Buy (1933) it ean be concluded that, 
after leaf cells are mature, thickening of the walls renders them incapable of 
further extension. Effects of topping on mature leaves are probably confined to 
the result of the reduction in the sinks for translocatable materials, as was found 
in the first group. 

The effect of topping on area is small compared with the effect on dry weight. 
Possibly the fact that the area effect is limited to an increase in cell size explains 
its comparative smallness. The factors determining cessation of increase in cell 
size are complex (Went, 1928), although the immediate cause is probably cessation 
of auxin formation. Evidently the inflorescence, possibly by leading to the re- 
moval of some important constituents of the leaves, is a determinant of this 
cessation. 

Finally we have to consider the derived quantities. The R data fail to show 
an effect of topping, although it is evident that R must in reality have fallen less 
rapidly in the topped plants. A contributing factor must clearly have been the 
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delay in the final stages of the fall in F, a delay resulting from the absence of the 
inflorescence and the increased magnitude of the upper leaves. Although this is 
not revealed by the data, it is probable that topping would also delay the fall in £, 
thus contributing a second factor to the less rapid fall in R. 

As might be expected from these considerations, topping slightly delays 
ripening of the leaves. 

We must therefore regard the inflorescence as having little effect on the 
growth of the lower leaves, although it acts as a sink for their break-down products 
during senescence. In the case of the upper leaves, however, it limits growth by 
limiting increase in cell size. It also influences other aspects of morphological 
development. While the effect on the growth rate of the total plant is small, that 
on the distribution of dry matter is considerable on account of the capacity of the 
inflorescence as a sink. We shall, therefore, for the same reason expect to find 
that the inflorescence has a considerable effect on the chemical composition of 
other organs. 

SUMMARY. 

This represents the first of a series of papers describing a study of the growth 
of the tobacco plant, Nicotiana tabacum, L. The study is coneerned in the first 
place with the effects of phosphorus supply and topping, i.e. removal of the stem 
apex at a time prior to inflorescence expansion. The present paper is concerned 
with the dry weights of the plant parts, with quantities derived therefrom, and 
with the areas of the leaves. 

In all parts of the plant, increasing the phosphorus supply to an optimum 
increased the dry weight, while excess phosphorus supply generally caused de- 
pression in the dry weight. There is evidence that phosphorus deficiency, and 
also excess phosphorus supply, resulted in delayed development of the axis. 

Topping caused increase in dry weight of the whole plant, and particularly 
of the roots and the leaves. The increased leaf and root growth tended to be the 
counterpart of the inflorescence development in the untopped plants. 

In the lower leaves maximum dry weight had been attained at about the time 
of topping; this operation therefore resulted only in a less rapid decline in dry 
weight during senescence. The upper leaves had not attained their maximum dry 


weight at the time of topping, and in these the operation resulted in more rapid 
subsequent increase in dry weight and delayed maximum. 


Increasing phosphorus supply to the optimum produced more marked increase 
in area than in dry weight of leaves. The maximum area was attained earlier than 
the maximum dry weight. Leaf area was increased by topping but to a much less 
extent than the dry weight. 

Data for relative growth rate, unit leaf rate, and leaf weight and area ratios 
are presented and discussed. 

Consideration is finally given to the significanee of the inflorescence as a 
determinant of the ontogeny of other organs. 
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RELATION TO NUTRITION 
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by 
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SYMBOLS. 

E, Net assimilation rate (unit leaf rate) on an area basis. 

Ew Net assimilation rate (unit leaf rate) on a dry-weight basis. 

E, Net assimilation rate on a protein-nitrogen basis. 

P_ Percentage protein-nitrogen content of the leaves, as estimated by tannic-acid precipitation. 
Absolute protein-nitrogen content of the leaves. 
R, Respiration rate on a protein-nitrogen basis, 
W Dry weight of the whole plant. 
t Time in days. 


INTRODUCTION. 


In the first paper of this series Ballard and Petrie (1936) presented data for 
Ew in wheat and Sudan grass which showed a marked decline with time. It was 
indicated that this decline could searcely be attributed to changing climatic con- 
ditions. The data of Williams (1936) for oats show that Ew began to decline at 
an early stage of growth in spite of the fact that the plants were grown under 
conditions of rising temperature. Certain workers, notably Gregory and Heath 
(Gregory, 1926; Heath, 1937; Heath and Gregory, 1938), have concluded from 
the examination of various data that, up to the time of maximum leaf area, internal 
factors have a negligible effect on Ew and on Ey. The present writer, however, 
is not convineed of the validity of this generalization, and proposes to re-examine 
the evidence elsewhere. The data from this laboratory suggest that Fir is in part 
determined by internal factors which vary with time and also with the nutrient 
supply. Inthe present paper the nature of these factors will be discussed and an 
attempt will be made to distinguish their effects on Ew from those of certain 
climatic factors. 

A large number of changes, both structural and functional, take place in the 

1 This investigation has been carried out under a co-operative scheme between the University 


of Adelaide and the Council for Scientific and Industrial Research for the investigation of mineral 
deficiencies in pastures. 
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leaves as they age, and these must influence the rate of carbon assimilation on a 
dry-weight basis. Of the structural changes, the increase with age in the content 
of non-living material in the leaves, with the concomitant decrease in cytoplasm 
content, is perhaps the most obvious. This change must be a factor causing a 
tendency towards fall in any metabolic rate expressed on a dry-weight basis. Its 
influence on respiration rate has already been discussed by Petrie and Williams 
(1938) for two of the experiments here considered. The protein-nitrogen content 
of the leaves was used as a rough measure of the cytoplasm content; it was con- 
eluded that variations in this content largely determined the decline in respiration 
rate with time, and also to a considerable extent the treatment effects thereon. In 
a similar manner the changing cytoplasm content may be expected to affect Ey. 
The drifts in the latter, however, are inherently more complex than those in the 
respiration rate; they are also subject to the influence of fluctuating climatic con- 
ditions, whereas the respiration rate was at least measured at a constant tempera- 
ture. In spite of these complicating factors there are fairly obvious similarities 
in the changes with time and treatment in Fw and the protein-nitrogen content 
of the leaves. In the present paper, therefore, the protein-nitrogen content is 
again taken as the best available measure of the cytoplasm content of the leaves. 
In so doing it is not assumed that this is the only internal factor of importance; it 
is hoped, nevertheless, that an analysis in terms of this factor will throw some 
light on the variation of Ew with both time and treatment. 


NET ASSIMILATION RATE ON A PROTEIN BASIS. 


By analogy with that for Ew, the equation for Ep is 


1 dW 
cet i (1) 
clearly also Ew = Ep X P 
: 100° 


For the calculation of Ep from the experimental data the formula 


log.(Pa)o —loge(Pa)1 | We —W; 
” ne to — ty * (P)o—(Pa)i 





was used but, since {Ws — Wy} /{(Pa)o — (Pa)1} is only an approximation to 
dW /dP,, this formula, like that for Ew, gives only an approximation to the true 
mean value over a given time interval. Attention will be drawn to this error where 
it is known to be appreciable. 

The values for Ep, like those for Ew, are subject to a further error since no 
account could be taken of the carbon assimilation performed by the leaf sheaths 
and the green parts of the inflorescences. This error would be greatest after the 
time of flowering, but would then be partly offset by increasing respiratory losses. 








"2 The validity of this procedure has been discussed in detail by Petrie and Williams (1938). 
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THE DATA. 


The differential treatments applied in the four experiments were as follows: 


Wheat Sudan Grass 
I 0-165 gm. N per pot. I 0-129 gm. N per pot. 
i , eee II 0-371 oo 
ce a ee ss Fe as sw Ss 
IV 1-648 
Gats (Exp. 1) Oats (Exp. 2) 
I 06-0093 gm. P per pot. I 06-0080 gm. P per pot. 
- ae ee ese Il 0-090 le 
iy. 0-006 « «2 & II 0-60 ae 


Further experimental details are given by Ballard and Petrie (1936) and 
Williams (1936). 

The values of Ep for all four experiments are given in Table 1. They are also 
presented graphically in Figs. 1 and 2 together with the mean maximum daily 
temperatures and mean hours of bright sunshine per day for the appropriate inter- 
harvest periods. Gregory (1926) has rightly stressed the inadequacy of such 
climatic indices; nevertheless, as they are the best available measures of the 
environmental factors, it is of interest to consider their relation to the data. It is 
not unlikely that these indices are closely correlated with the temperature and 
light-intensity factors that determine the rates of certain metabolic processes. 

The values for P and P, in the experiments in which nitrogen and phosphorus 
were supplied in varying quantities have already been presented by Petrie (1937) 
and Williams (1938) respectively. 


DESCRIPTION OF DRIFTS IN Ep. 


We may now examine the temporal drifts of Ep in relation to those of the two 
available climatic indices and to treatment. In the Sudan grass experiment there 
is a striking resemblance between the drift of mean maximum temperature and 
that for Ep with treatment |. For harvest intervals 1-2 and 2—3 treatment effects 
are small, but later they become very considerable. In the case of treatment II the 
slight peak at harvest interval 4—5 is doubtless attributable to the current tem- 
perature conditions, but with treatment II] the relationship to the climatic factors 
is even less pronounced. There are independent reasons for supposing that the 
value of W for plants of treatment II at harvest 6 was aberrantly low; this prob- 
ably accounts for the anomalous trend in Ep during senescence (harvest intervals 
)-6 and 6-7). The final low values for treatments I and III] should be disregarded 
because in advanced senescence carbon assimilation is only a minor determinant 
of the changes in W. In the other experiments the climatic indices tend to vary 
together much more than is here the case; but the fact that, over the first four 
harvest intervals, Ep for treatment | varies with temperature rather than with 
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the hours of bright sunshine suggests that this quantity may be determined by the 
former rather than the latter. 

In the wheat experiment, values of Zp could be calculated only after harvest 6. 
Apart from treatment effects these values, especially those for treatment IT, all 
reveal a relationship to the upward trends in the climatic factors. Prior to flower. 
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Fig. 1. Net assimilation rate on a protein basis (gm. dry matter per gm. protein nitrogen per 
day) in experiments with varying nitrogen supply, together with the mean maximum daily 
temperatures and mean hours of bright sunshine per day for the appropriate inter-harvest 
periods. In this figure and in Fig. 2, F indicates the average time of exsertion of the first inflor 
escence and F that of the exsertion of the first anthers. 


ing, however, Ep is decreased considerably and fairly consistently with increasing 
nitrogen supply. After flowering the effect of treatment is not so consistent, but 
there is no indication that the final values are lowered as the result of senescence. 

With the exception of the negative values for treatments II and III at the 
last harvest, when assimilation had ceased to be appreciable, the Ep values for the 
first experiment with oats increase uniformly with time, as do also the mean 
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maximum temperatures and the hours of bright sunshine per day. The relation- 
ships hold almost equally well for all treatments, even though Ep is consistently 
lower for plants with treatment I. It is clear that these data confirm the state- 
ment, made in the second paper of this series (Williams, 1936), that the onset of 
senescence is delayed by the low phosphorus supply. 
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Fig. 2. Net assimilation rate on a protein basis (gm. dry matter per gm. protein nitrogen per 
day) in experiments with varying phosphorus supply, together with the mean maximum daily 
temperatures and mean hours of bright sunshine per day for the appropriate inter-harvest periods. 
The derivation of the points in brackets is described in the text. 


In the second experiment with oats the data commence from an early growth 
stage, and for the first three harvest intervals (prior to day 46) treatment has no 
appreciable effect on Ep. Over these intervals also the data suggest that Ep is 
determined by temperature rather than by the amount of bright sunshine. After 
harvest 4, however, the relationship to the climatie factors is not clear. This is 
due chiefly to the high Ep values for treatments II and III at harvest interval 4—5. 
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TABLE 1. 
Net Assimilation Rates on a Protein Basis.* 


WHEAT. 


Treatment 


Harvest Interval ~ 
interval in days I I] II] IV 
6-7 22 7-09 6-44 4-76 4-83 
7-8 24 §-89 8-43 7-34 5-03 
8-9 18 8-43 10-83 7-99 6-29 
9-10 9 12-07 12-07 16-52 12-80 
SUDAN GRASS. 
Treatment 
Harvest Interval a a 
interval in days I I] IIt 
1-2 12 14-96 14-23 13-72 
2-3 12 14-32 13-12 13-06 
3-4 7 16-92 13-04 12-90 
4-5 15 21-69 14-07 10-47 
5-6 2] 9-85 6-22 7-05 
6-7 27 1-76 6-64 »-70 
OATS (Experiment 1). 
Treatment 
Harvest Interval : 
interval in days I I] II] 
5-6 25 2-93 4-07 3-91 
6-7 27 3-78 4-78 4-87 
7-8 28 4-97 6-15 6-20 
8-9 33 6-42 y-14 8-73 
9-10 13 8-09 2-01 6-14 
OATS (Experiment 2). 
Treatment 
Harvest Interval : 
interval in days I II II] 
1-2 7 5-14 5-12 5-58 
2-3 11 4-27 4-82 4-22 
3-4 17 5-22 5-30 5-72 
4—5 36 5-07 9-63 (7-38)t 11-63 (8-51)+t 
5-6 31 6-90 9.92 7.78 
6-7 33 3-06 
6-7 25 2-32 
6-7 27 1-35 


Expressed in gm. dry weight per gm. protein nitrogen per day. Since the protein-nitrogen 
analyses were performed on the combined leaf material for each treatment-harvest class it was 
not possible to determine the standard error of each value as was done for Ey. 


t Values in brackets are caleulated as described in text. 


This interval was very long (36 days), and during its course the protein-nitrogen 
contents of the leaves fell to approximately one-sixth of their values at the com- 
mencement of the period (Williams, 1938, Fig. 2). Under these cireumstances, as 
will be shown elsewhere, the use of the final term in equation (2) as an approxi- 
mation for dW/dP,, introduces considerable error. By making interpolations in 
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the curves relating P,, to W for treatments II and III it was possible to correct for 
these errors. The corrected values are given in brackets in Table 1 and in Fig. 2. 
It is now seen that up to harvest interval 5—6 the values of Ep for treatment II are 
related to the climatie factors. After harvest interval 3-4 the values for treat- 
ment I fall below those for treatment I1; this effect of treatment is thus similar to 
that found in the earlier experiment. he values of Ep for treatments II and III 
are, however, not identical as before.* The last harvest in this experiment was 
deferred until translocation to the developing grain had ceased; the final values 
for Ep may therefore be neglected. 


DISCUSSION. 


From this examination of the data it must be coneluded that the drifts in Ep 
are in most cases closely related to drifts in climatic factors, especially to those in 
temperature. The marked declines with time characteristic of the Ew curves are 
not shown in those of Ep except in the Sudan grass data, where they are correlated 
with the temperature drift; and the intersections of the Ew curves with different 
phosphorus treatments are also absent from the curves of Ep. The temperature 
relation, however, cannot be established quantitatively owing to the unsuitability 
of the data for statistical treatment. It is clear also that nutrient supply affects 
Ep; the possible causes for this will be discussed later. 

The relation to the climatic factors suggests that, if these were constant, Ep 
would be approximately constant throughout a considerable portion of the growing 
period. Since P falls in all cases, and assuming that this is an adequate measure 
of the cytoplasm content, it follows that the decline in the latter quantity is a 
major factor causing decline in Ew, and that Ew would fall even under constant 
conditions. Since Ep is partially determined by certain external factors, so also 
will be Ew; in these experiments, however, the influence of climatic factors on Ew 
has been almost completely obscured by the operation of changing internal factors. 
Heath and Gregory (1938) state that, in the second oat experiment here discussed, 
Eww has no drift in time for the first four to six weeks. This is true for the plants of 
treatment II, but these authors have ignored the presence of significant depressions 
in the Ew values with treatments I and III during this period. It is thus worthy 
of note that these effects of treatment are removed by placing the data on a 
protein-nitrogen basis. Even during this early period, therefore, internal factors 
are of importance as determinants of Ey, and the relative constancy of the latter 
at this time is attributable to the relative constancy of both external and internal 
factors. Briggs, Kidd and West (1920) found during a portion of the growing 
period of maize that the fluctuations in E4 were attributable mainly to tempera- 


3 This difference is believed by the writer to be attributable to experimental error. The 
dry-weight data (Williams, 1936, Table 3) suggest the possibility that at harvest 5 the value of 
W for treatment III may be aberrantly high. If this is the case the true value of Ep for this 
treatment at harvest interval 4—5 would be less than that found, and the value for harvest interval 
5-6 would be greater. 
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ture; the absence of any pronounced downward trends in their data suggests that 
the protein-nitrogen content per unit area of leaf may have remained relatively 
constant. 

In Fig. 3 are presented two diagrams which have been constructed on the basis 
of the general conclusions stated in the first two paragraphs of this discussion, and 
which represent a synthesis of the experimental data. They indicate the possible 
course of Ey during the ontogeny of an annual plant grown under constant clim- 
atic conditions and with nutrient treatments similar to those of the present ex- 
periments. Wherever it is reasonable to assume that carbon assimilation is the 
dominant process governing the changes in W the curves are presented as full 
lines, elsewhere they are shown as broken lines. Since the assimilatory activity of 
the seedling leaves increases at first, it follows that Ep must rise rapidly after 
their emergence. Briggs, Kidd and West (1920) obtained evidence for a rise in 



































] 
N P 
Hau 
/ / 
n ' + 
! | 
wt | | I , \N | od 
| | \\ 
| | \\ 
1 | \\ 
r | 11 
/ Vi] 
TIME TIME 


Fig. 3. Diagrams representing the hypothetical course of net assimilation rate on a protein 
basis under constant climatic conditions and with increasing supplies of nitrogen (N) and of 
phosphorus (P) similar to those used in the experiments. For explanations see text. 


E4 with maize, but positive evidence is lacking in the data of Ep for the present 
experiments. Treatment effects on Ep do not appear for several weeks after 
planting but they are very pronounced before the time of flowering. It is signifi- 
cant that Ep is depressed in plants receiving a deficient supply of phosphorus, and 
also in those to which excessive supplies of nitrogen were given. These depressions 
may be of essentially the same nature, since the plants receiving low phosphorus 
supply have been shown to possess many of the characteristics of plants receiving 
high nitrogen supply. Two possible explanations for the depressions suggest 
themselves: either the leaf proteins exist in two distinct forms, storage proteins 
and cytoplasmic proteins, or else the effectivity of the cytoplasm is limited by some 
other factor. Petrie and Williams (1938) coneluded that it was still uncertain 
whether storage proteins existed in the leaves chemically distinct from those 
forming the structural basis of the cytoplasm. If storage proteins exist it is pos- 
sible that with high nitrogen supply these will accumulate with time for a period 
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in early growth prior to maximum nitrogen intake; during this period, therefore, 
there may be a fall in the ratio of cytoplasmic to storage proteins, the fall being 
greater the higher the supply of nitrogen. This in itself would account for the 
observed depressions in Ep since P would cease to be an adequate measure of the 
cytoplasm content of the leaves. On the other hand the effectivity of unit mass of 
eytoplasm could be influenced by nutrient supply in many ways. Even when Ep 
is depressed by the nutrient supply the rate soon becomes relatively constant under 
constant climatic conditions. This implies that, under conditions of excess nitro- 
gen supply, after the period of accumulation of storage proteins, the ratio of 
storage to cytoplasmic proteins becomes constant; or else, if there are no storage 
proteins, the effectivity of the cytoplasm assumes a steady value. Finally the 
diagrams of Fig. 3 illustrate the fact that senescence, as measured by the metabolic 
activity of the leaves, sets in earlier the lower the nitrogen status of the plant. 

It is of interest to compare the hypothetical trends of Ep under constant 
climatie conditions (Fig. 3) with the data for Rp given for Sudan grass and oats 
(Exp. 2) in the preceding paper of this series. After a period in the early stages 
of growth when treatment has little effect on either Ep or Rp both these quantities 
become similarly affected by treatment; their temporal drifts, however, differ 
considerably. It is possible that the concentration of respiratory substrates is a 
complicating factor in the case of Rp, but the available information does not 
warrant further speculation on the possible integration of this factor with the 
effects of changing proportions of storage to cytoplasmic proteins. 

It may be concluded from this discussion that transfer of net assimilation 
rate data to a protein basis has revealed relations to certain climatic factors that 
were obscured in Ey by the pronounced time drifts. The transfer has also shown 
that changes in the proportion of living to non-living matter in the leaves must be 
an important factor contributing to the drift of Ew with time, and must account 
for certain effects of nutrient supply thereon. 


SUMMARY. 


The unit leaf rates or net assimilation rates obtained in the four experiments 
described in previous papers of this series are submitted to further analysis. It is 
considered that one of the important factors causing the characteristic decline in 
this rate must be the progressive decrease in the evtoplasm content of the leaves 
with time. Since the best available measure of this content is the protein content, 
net assimilation rate has in this paper been expressed per unit of protein nitrogen 
in the leaves. It is then found that the drift in the rate so expressed is closely 
related to drifts in certain climatic factors, a relation which was obscured when 
the rate was expressed on a dry-weight basis. It is also inferred that, under con- 
stant climatic conditions, net assimilation rate on a protein basis would probably 
be constant over a considerable portion of the growing period. Prior to the 
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attainment of constancy the net assimilation rate on a protein basis tends to fall 
for a short time in plants of high nitrogen status, the fall being greater the higher 
the status. It is suggested that these effects may be due to changes in the ratio of 
storage to cytoplasmic proteins or to decreases in the effectivity of the cytoplasm 
asa whole. Attention is finally drawn to the similarity of treatment effects on net 
assimilation rate and respiration rate of the leaves when both these quantities are 
expressed on a protein-nitrogen basis. 
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All porphyrin derivatives, whether they contain iron or not, show a strong 
absorption band in the region of the limit between visible and ultra-violet light, 
the so-called Soret band, while bile pigments like bilirubin or urobilin do not show 
this band. The porphyrins and haematin derivatives contain the porphin system 
with a closed tetrapyrrolic ring (1), while the bile pigments are open chain tetra- 
pyrrolic compounds (II1). The Soret band can, therefore, be attributed to the 


closed ring system of conjugated double bonds. 
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Only the nuclei are given in the formulae, the side chains being omitted. 


During recent years bile pigment-iron complexes have been discovered by 
Lemberg, which are intermediate products in the breakdown of haemoglobin to 
bile pigment. They contain the iron atom still in complex combination with the 
four pyrrole nitrogens, but the porphyrin ring has been split by the oxidative re- 


moval of one of the four-CH-groups (11). By acids or by sodium amalgam they 
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are transformed into bile pigments. They thus stand between haematins and bile 
pigments resembling the former in stereochemical structure, the latter in no longer 
having the closed ring system of conjugated double bonds. It was, therefore, of 
interest to study their ultra-violet absorption. We have also included in our 
investigation some bile pigments, the ultra-violet absorption of which had not yet 
been studied, and a compound with a closed ring system possessing one-COH-group 
instead of a-CH-group in the porphyrin ring. This a-hydroxyporphyrin-haemo- 
chromogen is an intermediate compound in the transformation of pyridine-proto- 
haemochromogen into verdohaemochromogen (Lemberg, Cortis-Jones and Norrie, 
1938). 
EXPERIMENTAL. 


Several! of the haematins investigated can only be obtained under narrowly 
defined experimental conditions, under which alone they are stable. We have com- 
pared the ultra-violet absorption of suitable compounds of them with that of the 
corresponding protohaematin compounds under the same conditions, choosing 
preferably such compounds as give a well defined Soret band, e.g. carbon monoxide 
haemochromogens. In some instances in which the products could not be obtained 
free from protohaematin, we have determined their approximate protohaematin 
content by independent methods. The addition of pyridine or sodium hypo- 
sulphite, substances with a strong ultra-violet absorption, could not always be 
avoided, but since their absorption does not extend into the region of the Soret 
band, this does not affect the results. 

It must be remembered that the absorption curves of the haemochromogens 
of the simpler bases depend on the precise conditions of concentration, salts, ete. 
The effect of the presence of a protective colloid (gum ghatti) is shown in Fig. 9. 
In the experiments where a comparison between different substances was being 
studied similar conditions were observed for the substances under comparison. 

The apparatus used for the determination of the ultra-violet absorption curves 
(Figs. 1-8) was a Hilger medium spectrograph with a rotating sector-photometer. 
For Fig. 9, curve A, a Hilger echelon cell outfit was used. 


Verdohaemochromogen. 


This substance was prepared from pyridine-protohaemochromogen by the 
action of atmospheric oxygen in the presence of hydrazine hydrate as described by 
Lemberg (1935). A second sample was obtained by shaking a haemin solution in 
20 p.c. pyridine with air in the presence of ascorbie acid (Lemberg, Cortis-Jones 
and Norrie, 1938a). Unlike haematin it vields, on fission with acids, biliverdin 
and biliviolin, while on reduction with sodium amalgam it yields mesobilinogen. 
These facts indicate its close relationship with the open-ring bile pigments. The 
visible absorption spectrum showed that the second preparation still contained 
an appreciable amount of unaltered protohaemochromogen, which is also indicated 
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In all the graphs. 
Abscissae wavelengths in Angstroms. 
Ordinates = xX 3. 


lo, M 
€=log * 
I “ed 
where Ig = intensity of entering beam: I = intensity of emergent beam: d thickness in em.: 
¢ = number of grams in one litre: M molecular weight. 
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Fig.1. Curve A. CO-hydrazine-verdohaemochromogen, 





B. CO-hydrazine-protohaemochromogen. 


Curve A, 5-34 mg. verdohaemochromogen dissolved in some water with 0.2 ¢.c. 0-2 N NaOH, two drops of 
hydrazine hydrate ( 30 mg. hydrazine), made up to 100 ¢.c., saturated with CO 

Curve B, 0-8 mg. haemin dissolved in some water with 0.2 ¢.c. 0.1 N NaOH, two drops of hydrazine, made 
up to 100 «.¢., saturated with CO 
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by its somewhat higher absorption in the region of the Soret band (Fig. 2¢). Fig. 1 
shows the ultra-violet absorption spectrum of CO-hydrazine-verdohaemochro- 
mogen in comparison with that of CO-hydrazine-protohaemochromogen ; Fig. 2 
those of the pyridine-haemochromogens. In the latter reduction was effected by 
ascorbic acid alone (eurves A, C and E, Fig. 1) or by sodium hyposulphite (curves 
B, D, Fig. 2). Sodium hyposulphite causes an alteration of verdohaemochromogen 
(ef. Lemberg, 1935, pp. 1328, 1334). Both figures show that verdohaemochro- 
mogen does not have the Soret band, but in its stead a broad low absorption band 
in the region of 3500 A. Sodium hyposulphite does not cause an appreciable 
alteration of the ultra-violet absorption. 
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Fig.2. Curve A. Pyridine-verdohaemochromogen with ascorbic acid. 
B. Pyridine-verdohaemochromogen with NayS.O4. 
C. As A, but containing a little unaltered protohaemochromogen. 
D. Pyridine-protohaemochromogen with ascorbic acid. 
E. Pyridine-protohaemochromogen with NasSoOQ4. 
Curve A, 4.27 mg. verdohaemochromogen, 3-2 g. pyridine and 12 mg. ascorbic acid in 100 ce 
Curve B, the same with 0-1 g. hyposulphite. 
Curve C, 0-6 mg. haemin and 4 mg. ascorbic acid in 5 ¢.c. 16 p.c. pyridine. Solution shaken with air at 
37°C., until the first protohaemochromogen band has almost disappeared 2 c.c. diluted to 10 c.c 
This solution contains verdohaemochromogen corresponding to 2-4 mg. haemin, 
40 mg. of ascorbic acid per 100 c.c. 
Curve D, in 100 ¢.c., 1 mg. haemin, 3.2 g 
Curve E, in 100 ¢.c. 0-7 mg. haemin, 3-2 


water 


3-2 ¢ pyridine and 


pyridine and 10 mg. ascorbic acid. 
g. pyridine, 12 mg. ascorbic acid and 0.2 g. Na,S,O, 
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Hydroxy porphyrin-Iron. 


As an intermediate product in the formation of verdohaemochromogen from 
pyridine-haemochromogen a haematin compound was observed, for which the 
structure of an a-hydroxyporphyrin-iron complex was made probable (Lemberg, 
Cortis-Jones and Norrie, 1938b). Its haemochromogen can be obtained almost 
free from protohaemochromogen and verdohaemochromogen by treating pyridine- 
protohaemochromogen with dilute hydrogen peroxide in the presence of ascorbic 
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Fig.3. Curve A. CO-pyridine-protohaemochromogen. 
B. CO-pyridine-hydroxyporphyrin-haemochromogen. 
C. Hydroxyporphyrin-haematin. 


Curve A, 0-4 ¢.c. of 0-1 p.c. haemin solution in 20 p.c. pyridine, 1-4 ¢.c. of pyridine, 1-7 ¢.c. water and 
1.5 ¢.c. of 0.4 p.c. ascorbic acid solution. 1 ¢.c. of this mixture added at once to 9 c.c. of water con- 
taining 20 mg. of hyposulphite, saturated with CO. Final solution contains in 100 ¢.c. 0.8 mg. haemin, 
3-6 g. pyridine, 12 mg. ascorbic acid and 0.2 g. hyposulphite. 

Curve B, 0.4 ¢.c. of an 0-1 p.c. solution of haemin in 20 p.c. pyridine, 1-4 p.c. of pyridine and 1-5 ¢.c. water 
placed into the bottom part of a Thunberg tube, the hollow stopper of which contained 0.2 c¢.c. 
0-5 p.c. H,O,. After addition of 1.5 ¢.c. 0-4 p.c. ascorbic acid solution the tube is immediately closed, 
evacuated and filled with nitrogen. Contents mixed, after 5 mins. 0-5 ¢.c. of a solution of 50 mg. per c.c. 
Na,S,O, in water sucked in through the side arm. 1 c¢.c. of this solution pipetted under 9 ¢.c. of water 
containing 20 mg. Na,S,O,. Solution saturated at once with carbon monoxide and measured The 
final solution contains in 100 ¢.c., oxyporphyrin-haemochromogen corresponding to 0-73 mg. haemin, 
3-2 g. pyridine, 11 mg. of ascorbic acid and 0.29 g. hyposulphite. 

Curve C, as A, but without addition of the first lot of hyposulphite. Visual spectroscopic investigation 
showed that the small amount of hyposulphite had not sufficed to prevent oxidation to the haematin, 
which possesses a typical absorption band at 6390 A. 
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acid and in the absence of atmospheric oxygen. Fig. 3 shows that it possesses the 
Soret band. On oxidation it displays a high but less distinet band at 3700A. 


Choleglobin, 


By incubation of a haemoglobin solution with ascorbic acid in the presence 
of atmospheric oxygen, a bile pigment-haemoglobin, choleglobin, is produced (lem- 
berg, Legge and Lockwood, 1938). Its prosthetic group differs from that of verdo- 
haemochromogen, but on mild splitting with acid it too gives rise to biliverdin 
and biliviolin. Since its quantitative formation is accompanied by denaturation of 
the protein part of the molecule, we have studied the initial phases of the reaction 
in which this denaturation has not vet occurred, but in which there is still a large 
proportion of unaltered haemoglobin. By a spectro-colorimetrie comparison of 
the first absorption band in the visible spectrum of denatured globin-CO-haemo- 
chromogen with that obtained from haemoglobin treated in the same way without 
ascorbie acid, it was ascertained that during 45 minutes at 37° C. about 20 p.e. of 


the haemoglobin had become oxidized under the conditions of our experiment. 














4500 
(O-haemoglobin 80 p.c. and CO-choleglobin 20 p.e. 


CC. CO-haemoglobin. 


Curves A and B, a stroma-free oxyhaemoglobin solution was prepared by laking ox cells. keeping the 
mixture in the refrigerator at pH 5-38 and centrifuging. The haemoglobin concentration was 7-3 p.« 





according to the strength of the absorption band at 4200 A of the CO-haemoglobin, using the value 


for its absorption maximum obtained by Hicks and Holden (1929). 6 ¢ ¢. of the haemoglobin solution 
incubated at 37°C. with 50 ¢.c. 0-2 M secondary sodium phosphate and 4 ¢.c. 1 p.c. ascorbic acid in 
Roux bottles. Two such preparations of choleglobin gave the curves A and B as CO-haemoglobin 
There was no formation of a precipitate during this time 1.32 ¢.¢. diluted to 100 ¢.c. for measurement 
saturated with CO 


Curve C, CO haemoglobin. 
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Curves A and B in Fig. 4 are two absorption curves of the choleglobin-haemoglobin 
; mixture, while curve C is the curve of CO-haemoglobin. The maximal absorption 
of the Soret band has deereased 16 p.c. in curve 4A and 22 p.e. in curve 4B. Chole- 


globin can, therefore, not possess any considerable absorption in this region. 
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{ CO-denatured globin-cholehaemochromogen S80 p.c. 
* ) CO-denatured globin-protohaemochromogen 20 p.c. 


Fig.5. A 
B. CO-denatured globin-protohaemochromogen, 


Curve A, the green precipitate from two Roux bottles obtained as described under 4 A and B after 4 hours of 


S incubation at 37°C. collected after the removal of some green scum from the surface of the supernatant 
i liquid It was washed three times on the centrifuge and made up to a fine suspension with 5 e.c. of 
sf water The concentration this suspension of total haemochromogen was determined as 14 meg 
a per c.c. by drying an aliquot part in a vacuum dessicator to constant weight. 2 ¢.c. of this suspension 
‘ dissolved by addition of 0-5 ¢.c. of Ll p.c. NaOH and 2.5 ¢.c, of water. 1 ¢.c. of this solution was made up 
4 to 25 ec. by the addition of 1 drop of hydrazine hydrate, 1 ¢ ¢. of 10 p.c. NaOH and water and 
saturated with CO The final solution contained 44-8 mg. of globin-haemochromogens, 0.4 ¢. NaOQH 
: and 60 mg. of hydrazine per 100 ¢.c. 
a Curve B, 3 ¢.c. of 0.073 p.c. haemoglobin solution and 1 ¢.c. of 10 p.c. NaOH stood for five minutes. Then 
q 1 drop of hydrazine hydrate was added: diluted to 25 ¢.c, with water and saturated with CO. The 


solution contained 8-76 mg. haemochromogen, 0-4 g. NaOH and 60 mg. of hydrazine per 100 ¢.c 


Cholehaemochromogen. 


When the solution used for the preparation of choleglobin is incubated for 


four hours at 37° C. a green precipitate is formed, which consists mainly of de- 
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natured globin-cholehaemochromogen, but which is also not quite free from proto- 
haemochromogen. The protohaemochromogen concentration was measured by 
comparing the strength of its first absorption band in the visible spectrum with 
that of a standard prepared from haemin while the total haemochromogen con- 
centration was found by drying and weighing. It was thus found that the green 
precipitate contained 20 p.c. protohaemochromogen and 80 p.c. of cholehaemo- 
chromogen. The absorption curve of the denatured globin-CO-haemochromogen 
Was measured, using hydrazine hydrate as reducer in Fig. 5, curve A. Fig. 5, 
curve B, is that of the corresponding protohaematin compound prepared from 
haemoglobin by alkaline denaturation. The weak absorption band at 4220A in 
Fig. 5, curve A, is fully accounted for by the presence of the protohaemochromogen 
in the green precipitate, and hence the cholehaemochromogen cannot have an 
absorption band in this region. 
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. Fig.6. A. Biliverdin: ammonium salt in CH,0H. 


B. Biliverdin hydrochloride in C.H,OH. 


Curve A, 2-41 mg. biliverdin dissolved in methyl alcohol with 0-2 ¢.c. 0-2 N ammonia and diluted to 100 ¢.c 
with methyl alcohol. 


Curve B, 2 mg. p.c. biliverdin in 95 p.c. alcohol containing 1 p.c. hydrochloric acid 










Biliverdin. 


Biliverdin hydrochloride in 1 p.c. aleoholie HCl shows an absorption band 
with a maximum at 3770A (Fig. 6, curve B), while in ammoniacal solution the 
band with a maximum at 3920A is much weaker (curve A in Fig. 6). Even the 
acid band is, however, much lower and less sharp than the Soret band, to which it 
shows only a faint resemblance. Apart from the opening of the closed ring, bili- 
verdin is similar to porphyrin with regard to the system of conjugated double 
bonds. 
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Biliviolin A. 


The zine complex salt of this pigment is obtained by oxidation of the biliverdin 
zine complex salt with two atoms of iodine per molecule. Biliviolin A probably 
contains one oxygen atom more in its molecule than biliverdin. The absorption 
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Fig. 8. (Upper panel). Mesobilichrysin. 


— 


-49 mg. of mesobilichrysin dissolved in 50 ¢.c. of aleohol with 0-5 ¢.c. of 2 p.c. ammonia. 


Fig. 7. (Lower panel). A. Biliviolin zine. 
B. Biliviolin hydrochloride. 


15-3 mg. biliverdin dissolved in 9-8 ¢.c. aleohol and 0-2 ¢.c. 10 p.c. ammonia. 56-3 mg. of zine acetate 


and then gradually 0.52 ¢.c. 0-1N iodine solution added, and 4-78 ec. of water, which converts 
biliverdin to biliviolin zine 


; Curve A. This solution of biliviolin zine diluted 50 times with alcohol. 


Curve B. This solution diluted 50 times with 2 p.c. alcoholic hydrochloric acid, which splits the zine salt 
and forms biliviolin hydrochloride. 


, 
2 


curve of the zine salt shows only a very low maximum at 3530A (curve A, Fig. 7) 
fu 


while that of biliviolin hydrochloride is no higher and has its maximum at 3340 
(Fig. 7, curve B). 


Mesobilichrysin. 


C33H3,07N4,—this pigment was obtained crystalline by Lemberg and Lock- 
wood (1938). 





It is a stabilization product of mesobiliviolin A and contains one 
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oxygen atom more than mesobiliverdin. Fig. 8 shows that it possesses a rather 
strong maximum of absorption at 4160A and a weaker one at 3110A. 
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Fig.9. A. Pyridine protohaemochromogen with gum ghatti. 


B. As A but without gum ghatti. 


A. In 1 ¢.c.: 0-05 mg. haemin, 0.036 ¢.c. pyridine. 0-9 mg. gum ghatti, 25 mg Na,S,O,. 2 mg. NaOH 


B. As Fig 2, curve E 


SUMMARY. 


The ultra-violet absorption of various haematin compounds which are inter- 
mediate between protohaematin and biliverdin, and also of some bile pigments, is 
studied. 

Of all these compounds only hydroxyporphyrin-haemochromogen, which still 
contains the intact porphyrin ring, possesses a typical Soret band, similar to that 
of protchaematin compounds and porphyrins. The bile pigment-iron compounds 
verdohaemochromogen, choleglobin and cholehaemochromogen are devoid of this 
band, as are the bile pigments. 

These observations confirm the open ring structure attributed by Lemberg to 
these haematin compounds on the basis of chemical facts. 
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COMPARISON OF HAEMOLYSIS AND LIBERATION OF 
HISTAMINE BY TWO AUSTRALIAN SNAKE VENOMS 


by 
E. R. TRETHEWIE! 


(From the Walter and Eliza Hall Institute, Melbourne). 
(Submitted for publication 7th February, 1939.) 


INTRODUCTION. 


Feldberg and Kellaway (1937a) showed that the injection of some snake 
venoms causes the liberation of histamine and of coagulable protein from perfused 
organs of various animals, and in a recent study (1938) of the venom of the Indian 
cobra attributed these effects, at least in part, to the formation of powerfully 
haemolytic lysocithin-like substances. The perfusates and extracts of envenomed 
organs also possessed the property of causing a delayed contraction of the isolated 
guinea-pig’s jejunum with characteristic after-changes in the irritability of the 
muscle. This was shown by Feldberg, Holden and Kellaway (1938) to be caused 
by another as yet unidentified substance (‘*slow-contracting substance’’) which 
possesses no haemolytic activity but which is formed when venom acts upon tissues 
or upon egg-volk. 

The haemolytic action of snake venoms has been shown to depend upon the 
formation of lysocithin by phosphatidases present in them (Delezenne and Four- 
neau, 1914). The present paper is concerned with the comparison of two Aus- 
tralian venoms, those of the black snake (Pseudechis porphyriacus) which is 
powerfully haemolytic (Martin, 1895), and of the death-adder (Acanthophis ant- 
arcticus) which is only feebly haemolytic (Kellaway and Williams, 1933), in re- 
spect of their power of liberating histamine and protein from perfused organs and 


of forming ‘‘slow-contracting’’ substance. 


METHODS. 


Dogs were operated upon under morphia and chloroform and rabbits under ether anaesthesia. 
The liver of dogs and rabbits and the lungs of dogs were perfused using the methods described by 
Feldberg and Kellaway (1987a and b). The rate of perfusion was 4-10 ¢.c. per minute. Imme- 
diately after the injection of venom (black snake 9 mg. and death adder 30 mg in 1-5 ¢.c.) the 
perfusion was stopped for one minute. Samples of perfusate were collected for 20-30 minutes 
before and during successive periods of 5, 10, 15, 30 and 60 minutes after the injection. Protein 

1 This work was carried out under a grant from the National Health and Medical Research 
Council, 
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in the perfusate was estimated by Esbach’s method. In the special experiments in which com 
parison was made in one animal of the injurious effects of both venoms upon the liver and of the 
haemolysis of the animal’s blood corpuscles, blood was withdrawn from the carotid artery prior 
to perfusing the liver. Two lobes of approximately equal size (‘‘loous lateralis dexter’’ and the 
left lateral portion of ‘‘lobus centralis’’) were separately perfused through their branches of the 
portal vein, and into each one of the venoms was injected. Saline and alcoholic extracts of organs 
were made by grinding them up with silica sand as described by Feldberg and Kellaway (1937a). 
Extracts made from liver or lung prior to the injection ef venom will be referred to as ‘‘normal’’ 
and those obtained after the injection as ‘‘envenomed’’. For histamine estimation the extracts 
were first boiled; the assay was made on the isolated guinea-pig jejunum suspended in a 5 e.c. 
bath and the values are expressed as dihydrochloride. Feldberg and Kellaway (1937a) have 
shown that with the organs used here the immediate contraction of the guinea-pig’s gut accounts 
accurately for the histamine set free. Tests for haemolytic activity were made on 5 p.c. suspen- 
sions in saline of washed corpuscles of the sheep and dog. Aleoholie extracts were evaporated and 
the residue suspended in Tyrode solution so as to contain the equivalent of 1 gm. of the organ in 
le.c. (Pin Table 1.) The haemolytic system was 0-2 ¢.c. (0-1 ¢.c. of cells and 0-1 ¢.¢. of solution 


tested, which was put up in doubling dilutions). The tests were made at 37°C. in a water bath. 


RESULTS. 


30th these venoms were shown to cause the liberation of histamine and coagul- 
able protein from the liver and lung of the dog, and the formation of haemolytic 
and ‘‘slow-eontracting substances’’. From the liver of the dog pigments were also 
set free. The injection of venom into the liver of the rabbit which contains but 
little histamine (1—4y per gm.) caused the liberation of coagulable protein and pig- 
ments and the formation of haemolytic and slow-contracting substances. The 
venoms, however, though resembling each other qualitatively in these actions ex- 
hibited striking quantitative differences, that of the black snake being much more 
powerful. 


Histamine. 


In seven experiments on the dog’s liver, four with black snake and three with 
death-adder venom, the output of histamine after black snake venom (9 mg.) rose 
steeply, reaching a maximum in 50-90 minutes. The maximum depended in part 
on the histamine content of the organ and varied from 4-20y per minute. With 
death-adder venom in a dose of 30 mg. the rise in two experiments was much more 
gradual, reaching at the end of the first hour 1-5y per minute. In the third ex- 
periment, in which only 9 mg. of the venom were injected, the output rose to 0°Sy 
per minute at the end of the first hour. For purposes of comparison the histamine 
vield has been graphed in—- DP oe ——_ — per mg. of venom injected. 
: histamine content of organ 
This has been done in Fig. 1. The parallel curves of a and a’ are from a control 
experiment carried out with death-adder venom on two pieces of liver from the 
same dog (7 mg. injected in ‘‘a’’ and 10 mg. in 


oe ‘ 


‘a’’’ to make the concentration 
of venom per gm. of tissue the same). The figures uncorrected for weight of venom 
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vielded almost identical curves. The results in perfusion of the dog’s lung (three 
experiments) were closely similar, and the histamine outputs in two of these are 
graphed in Fig. 2. In all these experiments the total histamine estimated in the 
perfusates and drainage fluid was roughly equivalent to that estimated as being 
lost from the perfused tissue by the difference between the histamine content of a 
sample from the liver or from the opposite lung which had not been subjected to the 
action of venom and the perfused envenomed organ at the end of the experiment. 











HOURS 


Fig. 1. Output of histamine from the perfused liver in seven dogs after black snake venom 
(continuous lines) and after death-adder venom (dotted lines). a anda’ are the outputs from two 
pieces of the same liver. Ordinates: histamine in y per minute per histamine content of tissue 
per mg. of venom injected. Abscissae: time in hours. 


Protein. 


Coagulable protein appeared in the perfusate following the injection of either 
venom into the liver of the dog (seven experiments). The output after black snake 
venom was maximal within the first hour after the injection, and was greater than 
after death-adder venom. In the experiments later to be deseribed in which each 
venom was injected into a lobe of liver from the same animal the greater effect 
of black snake venom is clearly displayed (Fig. 7). 

In the perfusion of the rabbit’s liver the maximal output of protein with 30 mg. 
of death-adder venom was of the same order as that obtained following the injec- 
tion of 7-5 and 12-5 mg. of black snake venom. 

The output from the perfused dog’s lung (three experiments) is illustrated 
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in Fig. 2, and shows the rapid but evanescent output of protein following black 
snake venom in comparison with the slowly-rising and smaller output after death- 
adder venom. 
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Fig. 2. Output of histamine and of protein from the perfused lungs of two dogs following the 
injection of black snake venom (continuous line) and death-adder venom (dotted line). Ordin 


ates: histamine as in Fig. 1, protein in mg. per minute per mg. venom injected. Abscissae: time 
in hours. 


Liver Pigments. 


In all liver perfusion experiments pigments were liberated. They appeared 
in the perfusate in greater concentration after black snake venom, and the output 
was maximal within fifteen minutes of injection. After death-adder venom the 
output was slower, becoming maximal in from 30—60 minutes. 


Haemolytic Effect. 


That haemolytic lysocithin-like substances were formed by both these venoms 
was shown by testing the alcoholic extracts of envenomed livers for their power 
of haemolysing sheep’s erythrocytes. In the case of cobra venom Feldberg and 
Kellaway (1938) were able to show that the venom itself was not present in the 
alcoholic extracts of envenomed liver. In the case of black snake and death-adder 
venoms it is likely that small amounts were present in these extracts. Sheep cor- 
puscles are not haemolysed by either of these venoms (Kellaway and Williams, 
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1933), and the powerfully haemolytic action of these envenomed extracts must 
therefore be held to demonstrate the production of lysocithin-like haemolytic¢ sub- 
stances in the tissues, and any haemolysis contributed by the venom present in the 
aleoholic extracts must result from the presence of alcohol-soluble lecithin-like 
substances. Venom in the highest concentration in which it could conceivably be 
present if all the venom injected were present in the aleoholic extract caused no 
haemolysis of sheep’s corpuscles, nor did extracts of normal liver. In Table 1 it 


TABLE 1. 


Haemolysis of Washed Sheep Corpuscles by Alcoholic Extracts of Envenomed 
Liver and Lung of the Dog. 


Haemolysis times in minutes, 


Liver. Lung. 
Dilutions Black Snake. Death Adder. Black Snake. Death Adder. 
of extracts. (1: 8) (1: 6) (1: 4) (1: 2) 
P 1-5 3 3 4 
li 1-5 4 
1 1-5 3 3 4 
iy, 1-5 5 8 15 
se 1-5 12 45 38 
Lins 1-5 105 
Vy 9.5 
Nes 10 
lo56 tr. 90 


The figures in brackets give the proportion of venom injected into the perfused organ in 
mg. per gram. 


is seen that the haemolytic action of envenomed liver is much greater with black 
snake venom than with that of the death-adder. In the case of the lung extracts 
the difference was not so striking. Experiments with the envenomed liver of the 
rabbit gave results similar to those obtained with the liver of the dog. In a single 
experiment with black snake venom, the extract of envenomed monkey liver was 
also powerfully haemolytic whereas the normal extract was devoid of haemolytic 
power. 

Slow-contracting Substance. 

The isolated jejunum of the guinea-pig contracts when either of these venoms 
is added to the bath. With black snake venom good contractions were obtained 
with 0-5y, and with death-adder doses of 5y were required to produce contractions 
of the same order in pieces of jejunum from the same guinea-pig. The gut could 
be desensitized, and desensitization with one venom desensitized for both, as was 
shown for the isolated uterus by Kellaway (1929). This is illustrated in Fig. 3, 
which shows an initial response at A with a latency of 5 seconds to 100y of black 
snake venom followed by a period of reduced response to histamine from which 
recovery occurred in 14 minutes. The gut now failed to respond to 70y of death- 
adder venom at B, and to 100y of black snake venom at C. The gut was desen- 
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sitized to amounts of venom greater than could have been present in any of the 
fluids tested. In addition to the rapid response caused by the presence in the per- 
fusates of histamine, ‘‘slow-contracting substance’’ also appeared as was shown 
by slow relaxation of the gut on washing out. The response to this was pre- 
cisely similar in its latency, in its slow relaxation, and in the after-changes of 





Fig. 3. Responses of a piece of isolated jejunum from a guinea-pig. At A and C 100 ¥ black 
snake venom, and at B 70 vy death-adder venom were added to the bath and left in contact for 
30 seconds. The unlettered contractions are responses to 0-1 y histamine. Time in minutes. 


excitability of the muscle to that described in similar perfusates after the injection 
of cobra venom by Feldberg and Kellaway (1938). This is iilustrated in the upper 
tracing of Fig. 4 in which the response to a first dose of 40y of death-adder venom 
is shown at A. This had a lateney of 15 seconds and was followed by changes in 
excitability of the muscle. At B, 0-4 ¢.c. of a sample of perfusate from a rabbit’s 
liver before the injection of 30 mg. of death-adder venom, and at C 240y of death- 
adder venom failed to cause any response of the muscle. Several doses of venom 
had been given before this to ensure desensitization of this degree, but are not 
shown in the tracing. At D is shown the response to 0-4 ¢.c. of a sample of per- 
fusate collected during the second half-hour after the injection of venom, This 
gave a minute immediate response caused by the presence of a small amount ef 
histamine, and after a short latency a large and typical response followed by the 
characteristic after-changes in excitability of the muscle. 

The presence of slow-contracting substance could also be demonstrated in 
envenomed saline and alcoholic extracts. This is illustrated in the lower panels 
of Fig. 4, which shows the responses of two pieces of jejunum desensitized to 
venom: at A, normal saline extract of a liver of a rabbit in a dose equivalent to 
1 mg. of organ, and at B an equivalent dose of envenomed liver extract (black 
snake). The response at B had a latency of 10 seconds and was followed by a 
depression of the excitability of the muscle. A second dose of normal extract at 
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A was without effect. At C is the response to 2 mg. of normal alcoholie¢ liver 
extract from a dog, and at D that to an equivalent dose of envenomed liver extract 
obtained after the injection of 30 mg. of death-adder venom. Much more slow- 
contracting substance was formed after the injection of black snake than after a 
corresponding dose of death-adder venom. This is illustrated in Fig. 5, in which 





Fig. 4. Responses of pieces of isolated jejunum from three guinea-pigs. Upper panel: At A 


40 7 and at C, 240 y death-adder venom were added to the bath. At B, 0-4 ¢.c. of perfusate from 
rabbit’s liver prior to injection of 30 mg. death-adder venom and at D, 0-4 ¢.c. of perfusate 
obtained during the second half hour after the injection, were added. Lower panel: At A, the 


response to Tyrode extract of 1 mg. ‘‘normal’’ and at B, to 1 mg. ‘‘envenomed’’ rabbit liver 
after the injection of 7-5 mg. black snake venom is shown in a gut desensitized to venom. The 
unlettered contractions are to 0-1 y histamine. At C and D, are shown the responses to alcoholic 
extracts of ‘‘normal’’ and ‘‘envenomed’’ liver of the dog following the injection of 30 mg. death 
adder venom. The unlettered contractions are to 0-04 y histamine. Time in minutes. 


two pieces of liver from the same dog were perfused and injected, one with black 
snake and the other with death-adder venom, each in a dose of 10 mg. The figure 
shows the responses of a gut desensitized to venom to corresponding samples of 
the perfusates. At A, 0-4 ¢.c. of a sample of perfusate collected during 5-15 
minutes after the injection of black snake venom was tested. This was left in 
contact with the gut for ten seconds and showed a sharp response caused by the 
presence of histamine and a prolonged relaxation determined by the presence of 
slow-contracting substance. An equivalent dose of histamine left in contact with 
the gut for 10 seconds showed no delayed after-relaxation. At B, 0-5 ¢.c. of the 
5-15 minute sample from the liver injected with death-adder venom caused no 
significant response. 
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Direct Comparison of the Effects of the Two Venoms in Liberating Histamine and 
Protein from the Liver with their Haemolytic Action on Dog’s Red Blood 
Corpuscles. 


Three experiments were made vielding almost identical results, which are 


given for one of them in Figs. 6 and 7 and Table 2. Two lobes of the liver weighing 
45 and 54 gm. respectively were perfused and injected with black snake and death- 





Fig. 5. Responses of a piece of isolated jejunum from a guinea-pig: at A and C to 0-4 e.c. 
of perfusate obtained 5-15 minutes after the injection of 10 mg. black snake venom into a lobe of 
dog’s liver, at B, 0-5 ¢.c. of perfusate 5-15 minutes after the injection of 10 mg. death-adder 
venom into another lobe of the same liver. The unlettered contractions are to 0-1 y histamine. 
Time in minutes. 


adder venoms each in a dose of 10 mg. The output of histamine plotted in y per 
minute per histamine content of the tissue per mg. of the venom injected is plotted 
against the time, the scale being selected so that the rapid output of histamine after 
black snake venom is paralleled by its haemolytic effect upon the red blood cor- 
puseles of the dog. The curve of histamine output is much steeper than those 


TABLE 2. 


Haemolysis of Washed Dog’s Corpuscle S. 


Concentration Time for complete haemolysis in minutes. 

of Venom. Black Snake. Death Adder. 
/1,000 1] 135 
1/2,000 13 240 
1/4,000 48 N.H. 
1/8,000 110 N.H. 
1/16,000 132 N.H. 
1/32,000 195 N.H. 
1/64,000 180 N.H. 
1/128,000 240 N.H. 


N.H. = no haemolysis in 4 hours. 
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shown in Fig. 1 since the weight of liver perfused was considerably smaller. It 
will be observed that the slope of the haemolysis curve for death-adder venom also 
roughly corresponds to the slope of the initial output of histamine after the injec- 
tion of this venom into the liver, and that the output of histamine is very much 


2000 +10 | ; 
| |A 
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Fig. 6. Output of histamine from the perfused liver of a dog and haemolysis of its blood 
corpuscles by black snake venom (A and A!) and by death-adder venom (B and B1). Ordinates: 
Histamine as in Fig. 1; and for haemolysis, reciprocals of concentration of venom. Abscissae: 
time in hours. 


less than that following the injection of black snake venom. The necessary control 
in which death-adder venom was injected into each of two pieces of liver from the 
same dog is illustrated in curves a and a’ of Fig. 1. In Table 2, as well as in Fig. 6, 
the much more powerful haemolytic action of black snake venom upon blood cor- 
puseles from the same anima! is shown. Fig. 7 shows that the output of protein 
closely parallels that of histamine, exhibiting a rapid rise after black snake venom, 


and a much smaller and slower rise after death-adder venom. 
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Fig. 7. Output of protein from the perfused liver of the dog of Fig. 6. Ordinates: Protein in 
mg. per minute. Abscissae: time in hours. 


DISCUSSION. 


There is a large body of evidence to show that the haemolytic activity of snake 
venoms depends upon their possession of phosphatidases which attack lecithins, 
splitting off a molecule of oleic acid and forming lysocithin. Whether haemolysis 
results from the action of the enzyme on lecithin in the protein-lipin envelope of 
the corpuscle or from the formation of lysocithin from lecithin in the plasma, 
probably depends upon the species from which the blood is taken. 

The recent researches in this laboratory point to the formation of lysocithin as 
an intermediate step in the liberation of histamine in cell injury caused by venoms. 
Now if the formation of lysocithin is responsible for the liberation of all the hista- 
mine set free in this type of cell injury there should be a strict parallelism between 
the haemolytic and the cell-injurious activities of different venoms. The variations 
observed in haemolytic power in individual venoms provide an opportunity of 
testing this hypothesis. It is not possible to estimate accurately the amount of 
lysocithin formed by a venom, because uniform distribution of venom throughout 
the cells of a perfused organ cannot be assumed—neither can we be certain that 
all the lysocithin formed is extracted by methyl alcohol. It is, however, possible 
to compare the histamine-liberating action of two venoms upon tissues from the 
same organ in the same animal with their effects upon the animal’s own erythro- 
cytes. This comparison has been made in the present paper with regular results, 




















HAEMOLYSIS AND LIBERATION OF HISTAMINE 155 


and it has been shown in the case of two venoms not only that there is a parallelism 
between the degree of haemolysis observed and the amount of histamine liberated, 
but also between the rates at which these changes occur. These results must be held 
to indicate that the activity of the venoms in liberating histamine is proportionate 
to the amount of lysocithin formed and accounts for all the histamine set free, 
unless some other substance which is capable of causing haemolysis or liberating 
histamine, or possessing both activities, is present in the venoms in amounts for- 
tuitously proportional to the phosphatidases. 

These results do not exclude the possibility that a constituent of the venoms 
other than phosphatidase may also possess parallel activity in liberating histamine 
from perfused cells and in causing haemolysis. 

It has been suggested that the neurotoxic action of snake venoms may also be 
related to their content of phosphatidase, the lipins of the nervous system being 
attacked by these enzymes. The experiments reported here do not support this 
view since the venom of the black snake is only feebly neurotoxic despite its power- 
fully haemolytic action, whereas that of the death-adder is strongly neurotoxic 
though only feebly haemolytic. 


SUMMARY. 


The venoms of the Australian black snake and death-adder, the former of 
which is strongly and the latter feebly haemolytic in action, both cause the libera- 
tion of histamine and protein from perfused tissues and the formation of lyso- 
cithin-like and ‘‘slow-contracting’’ substances. 

The venom of the black snake is much more potent in these respects. 

There is a strict parallelism between the haemolytic activity of these venoms 
and their capacity to liberate histamine and protein from perfused tissues. 

This parallelism is held to be significant in indicating that the liberation of 
histamine and protein in cell injury is mediated by the formation of lysocithin. 
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Woodward (1935) came to the conclusion that the estimation of glutathione 
(GSH) as carried out by the iodate titration method of Woodward and Fry (1932) 
gave results which were somewhat high for certain tissues, due to the presence of 
ascorbic acid. This worker evolved a manometric method for the estimation of 
GSH which was free from the above error in so far as it depended upon the degree 
of activation of a standard glyoxalase enzyme preparation produced by varying 
amounts of GSH. 

In applying this method, however, I encountered many difficulties, the chief 
being the preparation of an active sample of yeast which was GSH-free. Brewer’s 
yeast was used exclusively in the earlier experiments, but later, following a per- 
sonal communication from Woodward, it was decided to use baker’s yeast, pre- 
pared as described by Woodward (1935). Here again unsatisfactory results were 
obtained since the yeast controls produced some CO. apparently from residual 
carbohydrate and prolonged washing failed to completely remove the GSH. 

The present paper is concerned with the results of investigations on the mano- 
metric estimation of GSH and the description of a modified manometric method 
for its estimation in which no standard glyoxalase enzyme preparation is required. 


METHODS. 


Principle of Modified Manometric Method for the Determination of Tissue GSH. 


The extract mixture containing glyoxalase and the GSH to be estimated is 
placed in the Warburg vessels together with methyl glyoxal and, after mixing, 
readings of CO» evolved are taken at 10-minute intervals. From these results a 
reaction rate is obtained and this is termed the ‘‘ Normal Rate’’. The remainder 
of the extract is oxygenated in the ice bath by bubbling a fine stream of O. through 
it untii GSH-free. An extract mixture is then prepared from it and aliquots are 





1 Portion of this work was carried out under a grant from the National Health and Medical 
Research Council. 
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removed and pipetted into the Warburg vessels together with varying amounts of 
GSH. Thus a curve is constructed wherein mg. GSH are plotted against ¢.mm. 
COs evolved in 10 minutes. By referring the ‘‘Normal Rate’’ to this curve the 
GSH content can be read off. 


(1) Preparation of Methyl Glyoral. 


The methyl glyoxal used in all the experiments was prepared from acetone according to 
the method of Henze and Miiller (1933) and was estimated by the method of Kuhn and Heckscher 
(1926). Check analyses were also carried out by heating a solution of methyl glyoxal in dilute 
sodium hydroxide in the boiling water bath for five minutes. The lactic acid so formed was 
estimated by the method of Friedmann and Graeser (1933). Before the commencement of an 
experiment the methyl glyoxal was weighed out and made up in 0-9 per cent. potassium chloride 
so that the resultant solution contained 6 mg. per c¢.c. and of this 0-2 ¢.c, was taken for each 
experiment. 


(2) Preparation of Gluthathione, 

The material used in the majority of the experiments was a sample prepared in this labora- 
tory by Dr. A. B. Corkill (A.B.C.) from baker’s yeast after the method of Pirie (1930). At a 
subsequent date supplies were obtained from Eastman Kodak Co. (E.K.). Check analyses were 
carried out by the iodate titration method of Woodward and Fry (1932), (A) and also by a 
manometric method (B) in which 0-3 and 0-4 mg. of the GSH samples were added to a GSH-free 
tissue extract and the latter allowed to react with methyl glyoxal. The results of these analyses 
are shown in Table 1, from which it will be seen that there is no significant difference between the 
two samples. 


TABLE 1. 


A. 
Sample. E.K. A.B.C. 
Titre Iodate for 1 mg. 2-74 2-76 
B. 
Sample. E.K. A.B.C. E.K. ABC. 
Mg. GSH added 0-3 0-3 0-4 0-4 
Cmm. CO. in 10 min, from 0-4 ¢.c. 

GSH-free glyoxalase preparation 35 35 43 45 


In the experiments to be described a standard solution of GSH was made up in such a 
strength that 1 ¢.c. was equivalent to 1 mg. GSH. 


(3) Preperation of Tissue Extracts and Extract Mixtures. 


The majority of the experimenis were carried out with liver extracts but some muscle extracts 
were also prepared. In the case of the rabbit the animal was killed by a blow on the back of the 
head, bled out of the carotid artery and the liver removed and finely minced. Sufficient 0-9 ¢.c. 
KCl was then added to produce a 10 p.c. weight-volume suspension. After standing for 20 minutes 
at room temperature (16—20°C.) the suspension was filtered through several layers of muslin. 
In the case of rats and mice the liver was ground with sand and 0-9 p.c. KC] added in the propor- 
tion of 6 parts to 1 part of tissue. This was then allowed to stand with occasional stirring for 
20 minutes and centrifuged for 2-3 minutes. 

For the preparation of extract mixtures 5 ¢.c, of the supernatant fluid were taken and to 
this was added 1 ¢.c. of 5 p.c. NaHCOs3. Before transfer to the manometer vessels the extract 
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mixtures were thoroughly gassed with Ny» +5 p.ec. COo. With 0-2 ¢.c. of the methyl glyoxal 
solution it was found convenient to use 0-4 ¢.c. of the extract mixture. With this volume of the 
latter the conversion of methyl glyoxal to lactic acid, as judged by the evolution of COs, pro- 
ceeded at rates which were steady for each individual experiment. In the complete series the 
rates varied from 30-80 ¢.mm. CO. over 10 minute intervals, the duration of the experiment being 
usually 30-40 minutes. 

In order to obtain a constant rate it is essential not to have too high a concentration of GSH 
or glyoxalase. In both cases the reaction proceeds at too rapid a rate. However, with the 
quantities stated above the reaction rates, though varying in different experiments, were constant 
for any one extract mixture. 


Determination of ‘‘ Normal Rate’’. 


A. After gassing with Ny + 5 p.c. CO. the extract mixture was added to the main chamber 
of the Warburg vessels. Methyl glyoxal (0-2 ¢.c.) was measured into the side bulb and sufficient 
0-9 p.c. KCl was added to adjust the volume of fluid in the complete vessel (Vf) to 1-7 «.c. All 
observations were carried out at a temperature of 28°C, The contents of the Warburg vessels 
were so arranged that corrections could be applied for temperature variations. It was not thought 
necessary to correct the results for the CO. retention of the extract mixtures since the reaction 
rate and not the absolute amount of lactic acid produced was to be investigated. 

The arrangement of the Warburg vessels in such an experiment was as follows: 


TABLE 2. 


_ 0-4¢.c. Extract mixture 
Vessel: 


No.1 0-6 ¢.c. 0-9 p.e. KC] 
Bulb: 0-7 ¢.c. 0-9 p.c. KCl 
ee a 0-4 ¢.c. Extract mixture 
No.2 Vessel : 0-6 ¢.c. 0-9 p.e. KCl 
0. 2 


s 0-2 ¢.e. Methyl glyoxal 
Bubb: 0-5e.c. 0-9 pe. KCl 


After gassing with No + 5 p.c. CO. the apparatus was set up in the bath and shaken until 
constant manometer readings were obtained. The contents of the side bulb were then mixed with 
those of the vessel and the reaction allowed to proceed. Readings were taken at 10 minute intervals 
for a period of 30-40 minutes. The initial 10 minute reading has been discarded since the ‘‘ open 
period’’ has not been observed. Under such conditions the reaction proceeds at a constant rate 
and the volume of CO. liberated is constant for each 10 minute interval. No. 1 serves as a control 
for temperature variations which when multiplied by the vessel constant gives variation in 
cubic millimetres. The readings from No. 2 are transformed into volumes and the appropriate 
corrections made. The result expressed as volume of CO. in cubic millimetres in 10 minutes is 
then termed the ‘‘ Normal Rate’’ for the particular extract under consideration. 

B. Having determined the ‘‘ Normal Rate’’ of any particular extract, the next procedure 
is to remove the GSH by oxygenation and, by adding known amounts of GSH, to construct a 
graph by plotting volumes of CO. evolved in 10 minutes against mg. GSH. The GSH content 
of the original extract can then be calculated by referring the normal rate to this graph. 

The remainder of the extract is oxygenated in the case of the rat and the mouse in an ice bath 
until the GSH is oxidised. The presence of GSH is tested for by the nitroprusside test and also 
manometrically. For this latter purpose the extract is put up with methyl glyoxal in a similar 
fashion to No. 2 in Table 2, and if no change in the manometer readings occurs beyond that due 
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to interaction of methyl glyoxal and bicarbonate and to temperature variations, the second 
portion of the experiment is proceeded with. For the removal of the GSH from such extracts 
oxygenation for 2-4 hours is generally sufficient, which is in agreement with the results of Platt 
and Sehroeder (1934). The extract mixture is made in the usual manner and is added to th 
vessels together with methyl glyoxal and GSH. The arrangement of the Warburg vessels in 
such an experiment is shown in Table 3. 


TABLE 3. 


0-4 ¢.c. Extract mixture 


Vessel: 0-6 cc. 0-9 p.ec. KCI 


No. 3 
= Bulb: 0-2 ¢e.c. Methyl glyoxal 
_ 0-5. 0-9 pe. KCI 
0-4 ¢.c. Extract mixture 
Vessel: 0-le.e. GSH 
No. 4 0-5 ee. KCl 
; 0-2 ¢.c. Methyl glyoxal 
Bulb: 0-560. 0-9 pe. KCl 
0-4 ¢.c. Extract mixture 
Vessel: 0-15 ec. GSH 
No. 5 0-45 ¢.c. 0-9 p.c. KCI 
: 0-2 ¢.c. Methyl glyoxal 
Bale: 0-5¢.ec. 0-9 pe. KCI 
0-4 ¢.c. Extract mixture 
Vessel: 0-2 ¢.c. GSH 
No. 6 0-4 ¢.c. 0-9 p.e. KCI 
%e0 a " rlvoxs 
Bulb: 0-2 ¢.e. Methyl glyoxal 


0-5¢.c. 0-9 p.e. KCl 


No. 3 serves as a control for the absence of GSH in the extract and also as a temperature 
control. Nos. 4, 5 and 6 give values for the volume of CO. produced in 10 minute intervals with 
0-1, 0-15, and 0-2 mg. GSH respectively. After the manometer readings have been transformed 
into volumes and the results corrected for any temperature variation, the figures so obtained are 
plotted against mg. GSH. Using the ‘‘ Normal Rate’’ obtained from the earlier experiment 
shown in Table 2, the GSH content of the fresh extract can be determined. 


The results of an experiment as described above are shown in Table 4. 


TABLE 4. 


Vessel No. Remarks. C.mm. COs in 10 min. 
2 Normal rate 42 
4 Rate with 0-1 mg. GSH 26 
5 Rate with 0-15 mg. GSH 52 
6 Rate with 0-2 mg. GSH 84 


From these values a graph is constructed (Fig. 1) and by applying the value of vessel No. 2 


(Normal Rate) the GSH content can be determined. The value obtained from the graph is 
shown below and that obtained by the iodate titration method is given for comparison. 


Mg. GSH in 0-4 ¢.c. (lodate titration) 0-14 
” » » 9» 9» (Manometer) 0-14 








ESTIMATION OF GLUTATHIONE 161 








OWS 4 
I ke: ic. ye -gSs cane tg 
' 
3 ' 
a ' 
0.190 4 3 ' 
2 I 
fy ' 
LY ' 
, = ' 
! 
1 
! 
| 
' 
cmm. CO2z in 10 min. 
° io 20 30 40 50 


Fig.1. The relation between the rate of CO. evolution and GSH concentration. 


EXPERIMENTS WITH RABBIT LIVER. 


The preceding method for the manometri¢ estimation of GSH has given con- 
stant results with extracts from the livers of rats and mice, but when rabbits are 
employed it is not possible to utilize this procedure. Whilst the ‘‘ Normal Rate’’ 
can of course be determined the second stage of the experiment cannot be per- 
formed, since it is impossible to remove GSH completely from the extract by 
oxygenation within a reasonable time. 

This is illustrated by the results of an experiment shown in Table 5. An 
extract mixture was prepared from rabbit’s liver and oxygenated at 0° C. for a 
period of 22 hours. GSH was determined at the stated intervals by the iodate 
method. The results are in marked contrast with those found with mouse and rat 
liver, in which instances the GSH can be oxidized within four hours. 


TABLE 5. 


Mg. GSH in 100 ¢.c. Extract 


Time (Hrs.). Iodate Titration. 
0 30-8 
2 27-1 
3 25-1 
4 25-1 
22 17-5 


It is apparent that oxygenation is of no value for the removal of GSH from 
rabbit liver extracts. It was thought that dialysis through a Necol membrane 
against 0-9 p.c. KCl might be effective. Repeated experiments, however, showed 
that although the GSH was removed by dialysis at 0° C. for 12 hours, there was a 
considerable loss of enzyme activity. In some experiments this reached 50 p.e. 
It was then thought worth while to investigate the effect of added cysteine together 
with a trace of ferrous iron in the hope that the oxidation might be catalysed. 
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Varying amounts of cysteine were added together with ferrous iron, but in agree- 
ment with the results of Hopkins and Elliott (1931-2) no eatalytie effect was 
observed. 


Influence of pH on the Oxidation of GSH. 

During the oxygenation of a rat liver extract the pH changes were followed 
throughout until all the GSH had disappeared. It was found that the initial pH 
was 7-6 and that this gradually increased until at the end of three hours the value 
was 8-1. At this stage the GSH had been completely oxidized. Rabbit liver ex- 
tract on the other hand had an initial pH of 6-8, and after 5} hours’ oxygenation 
this figure had only increased to 7-4. Since GSH is more readily oxidized on the 
alkaline side of neutrality it was thought that if the initial pH was increased to 
approximately 8 the desired oxidation might be achieved. Accordingly a rabbit 
liver extract was taken and divided into two portions, A and B. A was untreated 
and sufficient NaHCOs, was added to B to bring the pH to 8-1. Both portions 
were than placed in the ice bath and oxygenation commenced, samples being re- 
moved at half-hourly intervals for GSH and pH determinations. GSH was esti- 
mated by the iodate method and pH was measured by means of the quinhydrone 
electrode. The results are shown in Table 6, and are typical of several similar 
experiments. 


TABLE 6. 


Time pH. GSH mg. p.c. pH GSH mg. p.c. 
(Hrs. 3 A. A. B. B. 
0 6-8 36-5 8-1 36-5 
4 6-8 35-0 7-8 32-0 
1 6-9 34-6 8-1 32-0 
13 7-1 32-8 8-1 31-3 
2 7-1 34-0 8-3 29-3 
23 7-1 31-5 8-6 29-3 
3 7-4 30-5 8-6 28-2 
34 7-4 29-7 8-6 27-0 
4} 7-4 30-6 8-5 25-4 
53 7-4 29-7 8-6 17-6 


From this table it is apparent that whilst the oxidation is more rapid in B 
only a little more than 50 p.c. of the GSH has been removed in 5} hours. 

For the oxidation of GSH in extracts intended for use in this investigation 
one is limited to the use of oxidizing agents which can be readily and quantitatively 
removed. Hydrogen peroxide in the form of Merck’s perhydrol was thought 
worthy of trial and was used successfully in several experiments. 


Oxidation of GSH in Extracts by H.O.. 

Care must be exercised when perhydrol is used since there is danger of en- 
zyme destruction. For this reason the oxidation was generally carried out on 
three lots of extract, and varying volumes of perhydrol were used. Three lots of 
extract, each of 10 ¢.c., were transferred to small Erlenmeyer flasks and cooled on 
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ice, after which 0-1, 0-2 and 0-5 ¢.c. of perhydrol was added to each. The flasks 
were then tightly stoppered and shaken vigorously. After standing for one hour 
in the ice bath they were removed and tested for GSH. Usually 0-2 ¢.c. of per- 
hydrol is sufficient to remove the GSH but occasionally a larger volume is neces- 
sary. The extract which is GSH-free, and to which has been added the smallest 
volume of perhydrol, is treated in the same manner as described in the case of rat 
and mouse liver extracts and the GSH content of the untreated extract finally 
determined. During the course of this work on rabbit liver extracts many high 
values for the GSH content were obtained, due to enzyme destruction. In such 
cases the measurement of glyoxalase activity or GSH content is obviously impos- 
sible. As it was only in about 50 p.c. of rabbits’ livers examined that this method 
of oxidation was successful, the study of glyoxalase activity in these animals is 
very difficult, since the absolute removal of GSH is essential. The only other 
alternative is to estimate the amount of GSH present in the extracts by some 
chemical method, and then to bring its concentration up to some predetermined 
amount by the addition of GSH. This predetermined amount must of course be 
greater than the highest concentration which is likely to be found in any one 
rabbit’s liver. During the course of these experiments the highest value obtained 
was 391 mg. per 100 gm. of liver tissue. Such a procedure has not yet been adopted, 
but in later work it is intended to investigate this method. 


COMPARISON OF GSH VALUES OBTAINED MANOMETRICALLY 
WITH THOSE OBTAINED BY IODATE METHOD. 


In Table 7 the GSH values for the livers of rats, mice and rabbits are shown. 
The values obtained manometrically are compared with those obtained by the 
iodate method. The difference between the means of these two values is 2 p.c., 
the manometric method being the higher of the two. 


TABLE 7. 
GSH mg. p.c. GSH mg. p.c. 
Animal. Manometriec. Iodate. 
Rat 1 150 150 
2 284 280 
3 259 245 
4 259 245 
5 245 231 
6 236 217 
Rabbit 192 206 
2 213 230 
3 300 309 
Mouse 1 280 259 
2 293 288 


An agreement such as this between two methods of an entirely different nature 
is surprising, particularly as the experimental error in the manometric method is 


probably in the region of 5-8 p.c. Moreover, these results present a contrast to 
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those of Woodward (1935). This worker, using the yeast glyoxalase method, 
found manometric values which were markedly and consistently lower than those 
obtained by the iodate method. This discrepancy was attributed to the presence 
of ascorbic acid, and when corrections were made for this substance the values 
obtained by the two methods were closer, although some were still at variance with 
each other. In view of the results of this worker it is difficult to see the reason for 
such close agreement between the iodate values and the manometric values shown 
in Table 7. The only obvious explanation is that the activity of the enzyme has 
been reduced during the oxygenation in the ice bath—a possible theory which has 
been denied by Platt and Schroeder (1934) who state ‘‘oxygenation may be con- 
tinued for at least five hours without damage to the enzyme itself’’. Nevertheless, 
it was decided to investigate this possibility. 


STABILITY OF ENZYME TO PROLONGED OXYGENATION. 


This problem has been investigated along two different lines. The first 
method was one which was based on the manometric estimation of GSH as de- 
scribed by Woodward (1935), whilst the second was carried out on a GSH-free 
tissue extract. This was oxygenated, and at hourly intervals aliquots were with- 
drawn and the rate of CO» evolution with added GSH determined. 


Method I. 


The absence of enzyme destruction will be proven if it can be shown that the 
addition of an enzyme-free GSH solution to a GSH-free enzyme solution in the 
presence of methyl glyoxal will produce a rate of CO. evolution equal to that pro- 
duced by the original untreated extract when acting on methyl glyoxal. Such an 
experiment is described below. 

A rat liver extract was prepared in the usual fashion and the following steps carried out as 
soon as possible to safeguard against loss of GSH by oxidation. 

(1) 10 cc. of extract + 0-8 ¢.c. sulphosalicylic acid (M/1) + 1-2 ¢.c. 0-9 p.c. KCL. 

(2) 5 ce. of extract + 1 ¢.c. of NaHCOgs solution (5 p.c.). 

This is the usual ‘‘ extract mixture’’, 

The protein-free filtrate from (1) contains the GSH present in 10 ¢.c. of extract but no 
enzyme. The above volumes are chosen in order that 0-4 ¢.c. of the filtrate from (1) will contain 
the same amount of GSH as is contained in a similar volume of (2). 

Table 8 shows the arrangement of the Warburg vessels. 


Neutralized Sulphosalicylic Acid. 


This was made up as a control for the presence of this acid which is used in the preparation 
of the glyoxalase-free GSH No. 1 extract. 0-8 ¢.c. of M/1 sulphosalicylic acid was added to 
11-2 c.c. of 0-9 p.c. KCl and the solution was treated with solid NaHCOg until neutral to litmus. 

No. 1 acts us a control for temperature variations and No. 2 gives a result which when 
corrected for such variations is termed the ‘‘ Normal Acid Rate’’, i.e. the rate of reaction for the 
untreated extract mixture in the presence of neutralized sulphosalicylic acid. 
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TABLE 8. 


0-4 ¢.c. Extract mixture (i.e. No. 2) 
Vessel: 0-4 ¢.c. Neutralized sulphosalicylie acid 
No. 1 0-2 ¢.c. 0-9 p.e. KCl 
Bulb: 0-7 ¢.c. 0-9 p.e. KCI 


0-4¢.c, Extract mixture 
Vessel: 0-4 ¢.c. Neutralized sulphosalicylic acid 
No. 2 0-2 ¢.c. 0-9 p.c. KCl 
‘ :.c. Methyl glyoxal 
mu: *. 0-9 p.c. KCI 


= 
o 
AP 
>>” 


The remainder of the untreated extract is oxygenated in the ice bath until GSH-free and 
5 e.c. are then removed and the extract mixture made with NaHCOy, and treated with gas in the 
usual manner. This then constitutes the GSH-free enzyme solution referred to earlier. The 
enzyme-free GSH solution is contained in the filtrate from the sulphosalicylic acid treated extract 
and when ready for use was neutralized to litmus with solid NaHCOg,. This filtrate is referred 
to in the vessel arrangement shown in Table 9 as ‘‘ neutralized acid extract’’. 


TABLE 9. 


0-4¢.c, Extract mixture 
Vessel : 0-4 ¢.c. Neutralized sulphosalicylic acid 
No. 3 0-2 ¢.¢. 0-9 p.c. KCI 
0-2 ¢.c. Methyl glyoxal 
Bulb: 0-5.e.c. 0-9 pc. KCI 


~ 


4¢.c. Extract mixture 
Vessel: 0-4 e.c. Neutralized acid extract 
c.c. 0-9 p.c. KCl 


Bulb: 0-2 ¢.c. Methyl glyoxal 
5) 


No. 3 acts as a thermocontrol and also as a control for the absence of GSH in the extract. 
The manometric readings from No. 4, after being transformed into volumes and the necessary 
corrections made, should give a value for the rate which is equal to the ‘‘ Normal Acid Rate’’. 
The results of such an experiment are set out in Table 10. 


TABLE 10. 


Manometer Vessel No. C.mm. COs in 10 min. 
2 (Normal Acid Rate) 32 
4 (GSH-free glyoxalase + glyoxalase-free GSH) 30 


From these results it can be seen that no enzyme destruction has occurred in 
the time necessary for the removal of GSH by oxidation. 
Method II. 


A rat liver extract was prepared and oxygen passed through at room tem- 
perature until it was GSH-free. The extract was then sterilized by passing through 
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a Seitz filter in order to remove bacteria with which it may have become contam’ 
nated and which might cause enzyme loss by proteolytic action during the latte 
part of the experiment. This sterile extract was stored in the ice box until th 
following day, when it was transferred to the ice bath and oxygenated. 5 ex 
lots were withdrawn at hourly intervals and the extract mixture was made up i: 
the usual way. 


TABLE 11. 


C.mm. CO, in 10 min. 


Time (Hrs.). 0-1 mg. GSH. 
0 53 
1 54 
3 54 
4 52 
5 50 


0-4 ec. of the mixture was transferred to the Warburg vessels together with 0-1 mg. of 
GSH and the usual amount of methy! glyoxal. Under such conditions any loss of enzyme 
throughout the duration of the oxygenation will be shown by a decreased reaction rate provided 
that, other conditions being constant, the volume of CO. evolved in a given time interval is 
proportional to the amount of enzyme taken. This was shown to be so by Platt and Schroede: 
(1934b) in the case of yeast suspension and by the same workers (1934a) in the case of liver 


extract. Similar experiments which I have carried out have confirmed their findings. 
The results in Table 11 show no evidence of enzyme destruction during the 
time which is necessary for the complete oxidation of GSH. 


TABLE 12. 


0-4 ¢.c. Extract mixture 
Vessel: 0-4 ¢.c. Neutralized sulphosalicylic acid 
No. 1 0-2 ¢.¢. 0-9 p.c. KCl 
Bulb: 0-7 cc. 0-9 pwc. KCI 
Vessel: 0-4¢.c. Extract mixture 
No. 2 0-6 ¢.c. 0-9 p.e. KCl 
Bulb: 0-7 ¢.c. 0-9 p.e. KCl 
0-4 ¢.c. Extract mixture 
Vessel: 0-4 ¢.c, Neutralized sulphosalicylie acid 
No. 3 0-2 ¢.c. 0-9 p.c. KCl 
0-2 e.c. Methyl glyoxal 
Bulb: 0-5¢.c. 0-9 p.e. KCI 


0-4 ¢.c. Extract mixture 
Vessel: 0-4 ¢.c. Neutralized zine solution 
No. 4 0-2 ¢.c. 0-9 p.e. KCl 
: 0-2 ¢.c. Methyl glyoxal 
b: 2 ’ yi gt 
Bulb 0-5 ¢.c. 0-9 p.e. KCI 


0-4 ¢.¢. Extract mixture 
0-6 ¢.c. 0-9 p.e. KCl 

; -2 ¢.c. Methyl glyoxal 
Bulb: 0-5¢.c. 0-9 p.e. KCI 


Vessel: 
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INFLUENCE OF SULPHO-SALICYLIC ACID ON ENZYME ACTIVITY. 


During the course of the experiments described in the previous section it was 
noticed that neutralized sulphosalicylic acid apparently caused some inhibition of 
glyoxalase activity. This was shown by the fact that the ‘‘Normal Acid Rate’’ 
was somewhat lower than the ‘‘ Normal Rate’’. This appeared to differ from what 
Woodward (1935) had found. In her experiments an attempt was made to deter- 
mine total glutathione by a manometric procedure. Reduced glutathione (GSH) 
was first determined as previously described, and then by reducing the oxidized 
glutathione (GSSG) by means of powdered zine the estimation was repeated in 


TABLE 13. 


0-4¢.c. Extract mixture 
Vessel: 0-4 ¢.c. Neutralized sulphosalicylice acid 
No. 6 0-2 ¢.¢. 0-9 p.c. KCI 
> , . > 
ee A -2 ¢.c. Methyl glyoxal 
wes Sec. 0-9 pc. KCl 
a 0-4 ¢.c. Extract mixture 
Vessel 0-6 cc. 0-9 pc. KCI 
, 0-2 ¢.¢. Methyl glyoxal 
Bulb: 5 c.c. 0-9 pe. KCl 


c. Extract mixture 

c. Neutralized sulphosalicylie acid 
.c. GSH 

c. 0-9 p.ec. KCl 

2 «.c. Methyl glyoxal 

c.c. 0-9 p.e. KCl 


No. 8 0- 


4 
sea] - 4 
Vessel : 0-1 
1 
Bulb: ; 
.. Extract mixture 
.c. Neutralized sulphosalicylie acid 
. GSH 
.c. 0-9 p.c. KCl 
.c. Methyl glyoxal 
2. 0-9 p.c. KCl 


Vessel: 


— He He 
ao 


CI Stn «z 


QO & 
a 


Zz 
2 
T=) 


Bulb: 


. Extract mixture 

-.c. Neutralized sulphosalicylic acid extract 
:», 0-9 p.c. KCl 

*. Methyl glyoxal 

», 0-9 p.e. KCl 


Vessel: 0- 
No. 10 ” 
Bulb: 


os 


orto 
Qa 


.c. Extract mixture 
>, GSH 

0-9 pe. KCI 

:. Methyl glyoxal 
:. 0-9 p.c. KCI 


Vessel: 0- 


a ae 
a >A 


Bulb: 


oto Oe 


ao 
> > 


4¢.c. Extract mixture 
Vessel: 0-15 e.c. GSH 
-45 c.c. 0-9 p.c. KCI 
. 0-2 ¢.c. Methyl glyoxa! 
Bulb: 0-5e.c. 0-9 pc. KCl 
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order to estimate both GSH and GSSG. In discussing these results Woodwar: 
states that ‘‘amounts of sulphosalieylic acid up to 0-5 ¢.e. of 2 p.e. acid had n 
effect on the enzyme’’, whilst on the other hand the filtrate containing zine whe: 
added to the enzyme system showed a marked toxic effect. In view of the indica 
tions given by my own experiments it seemed necessary to re-investigate the in 
fluence of both zine and sulphosalicylic acid on enzyme activity. For this purpos: 
an experiment as shown in Table 12 was set up. 


Zinc Solution. 


This was prepared by allowing approximately 30 mg. of powdered zine to stand under 10 e.« 
of the sulphosalicylic acid solution described above for 20 minutes at room temperature. Thi 
zine was then filtered off and the solution neutralized to litmus with solid NaHCOg.. 

No. 1 acts as the thermocontrol for Nos. 3 and 4, whose results when corrected give values 
for the ‘‘ Normal Acid Rate’’ and the rate in the presence of zine plus acid respectively. No. 2 
acts as the thermocontrol for No. 5 which gives a value for the ‘‘ Normal Rate’’. It must be 
noted here that, as in the preceding experiments, this initial experiment is performed on the extract 
mixture prepared from fresh, unoxygenated extract. 

The remainder of the extract, after portion has been removed for treatment with sulpho 
salicylic acid as described above, is oxygenated under the usual conditions until GSH free. An 
aliquot is then removed and the extract mixture prepared after which it is measured into the 
manometric vessels, which are arranged as shown in Table 13. 

No. 6 acts as the thermocontrol for Nos. 8, 9 and 10. Nos. 8 and 9 give reaction rates for 
the extract in the presence of neutralized sulphosalicylic acid with 0-1 and 0-15 mg. GSH 
respectively. No. 10 gives the reaction rate when the glyoxalase-free GSH solution is present. 
No. 7 acts as the thermocontrol for Nos. 11 and 12, which give reaction rates in the presence of 
0-1 and 0-15 mg. GSH respectively. 

The results of two such experiments on different extracts—A and B—are shown in Table 14 
and also graphically in Figs. 2 and 3. 


TABLE 14. 


A B 
Warburg C.mm. C.mm. 
Vessel No. Remarks. CO./10 min. CO./10 min. 
3 Normal acid rate 30 22 
4 Rate with zine + acid 23 15 
5 Normal rate 90 40 
8 Rate with neutralized sulphosalicylic acid + 0-1 mg. GSH 25 16 
9 Rate with neutralized sulphosalicylic acid + 0-15 mg. GSH 37 26 
10 GSH-free glyoxalase + glyoxalase-free GSH 30 23 
11 GSH-free glyoxalase + 0-1 mg. GSH 70 21 
12 GSH-free glyoxalase + 0-15 mg. GSH 115 54 


The ‘‘ Normal Rates’’ shown in Table 14 in the case of A and B are 90 and 40 
respectively, which are in marked contrast to the ‘‘ Normal Acid Rates’’ of 30 and 
22. Thus the toxicity of neutralized sulphosalicylie acid to the enzyme system is 
well illustrated. The rates in the presence of zine and neutralized sulphosalicylie 
acid are 23 and 15, indicating that zine is also toxic. 
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The absence of any deleterious effect of O. on the enzyme is shown by the 
results from vessels Nos. 3 and 10 in both A and B. These results are the same as 
those diseussed above under the heading of the effect of Oo on the enzyme, and 
provides further support for the views expressed in that section. 
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Fig. 2. The influence of sulphosalicylic acid on glyoxalase activity: 1A, With acid. 2A, In 
the presence of neutralized acid. 
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Fig. 3. The influence of sulphosalicylic acid on glyoxalase activity. Different extract to 
that shown in Fig. 2. 


Table 15 gives the GSH estimations from the results shown in Table 14 and 
Figs. 2 and 3, also the GSH values obtained by the iodate method. 


TABLE 15. 


A. B. 
Mg. GSH in 0-4¢.c. Mg. GSH in 0-4 cc. Mg. GSH in 0-4¢.c. Mg. GSH in 0-4 ec. 
Manometric. lodate. Manometric. lodate. 
From Fig. 2. From Fig. 2. From Fig. 3. From Fig. 3. 
Curve 1A, Curve 2A. Titration. Curve 1B. Curve 2B. Titration. 


0-12 0-12 0-12 0-13 0-13 0-13 
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From.the above table it can be seen that there is good agreement between th 
values obtained by the manometric and iodate methods. The main point to b 
noticed here is that the same value for the GSH has been obtained in the presenc: 
of neutralized sulphosalicylie acid as in its absence. 


DISCUSSION. 


The method that has been deseribed for the estimation of GSH in tissue ex- 
tracts has the advantage that no standard glyoxalase suspension is required. In 
addition the glyoxalase activity of the extract can be determined in the same ex- 
periment. Thus with a set of five manometric vessels, two can be utilized for 
determining, as defined on page 159, the normal rate of the extract, whilst in the 
remaining three vessels the responses of the oxygenated extract to varying amounts 
of added GSH can be studied. By plotting the rates of CO. evolution in the latter 
three manometers against GSH concentration, a curve is constructed from which 
the GSH content of the original extract can be estimated. This is done by re- 
ferring to the curve, the rate of CO. production of the original untreated extract. 
The experiments also indicate the procedure to be adopted for studying the effect 
of anterior pituitary extracts on glyoxalase activity. Thus, if it was desired to 
ascertain the effect of anterior pituitary extract on the glyoxalase activity of rat’s 
liver, we could carry out a sufficient number of experiments on normal rats and 
obtain from these an average value that would express glyoxalase activity in terms 
of rate of CO. production. This would be done on oxygenated extracts after the 
addition of a standard amount of GSH, say, 0-1 mg. An idea of the influence of 
anterior pituitary extract could be obtained by performing similar experiments on 
extracts prepared from rats that had been treated with pituitary extract and com- 
paring the results with those found in normal animals. 

Theoretically this appears to be a simple procedure, but when one attempts 
to carry it out it is found that the problem is not capable of easy solution. The 
chief difficulty lies in the fact that extreme variations are found in the values ob- 
tained from normal animals. <A consideration of the results shown in Figs. 2 
and 3 will make this clear. The curves 2A and 2B represent the CO. evolution rate 
of two different rat liver extracts, that have been oxygenated and to which 0-1 
and 0-15 mg. GSH have been added. If we take 0-1 mg. GSH as a convenient 
amount for the determination of rates for normal tissues, it is seen that in the 
curve 2A the rate is 70, whilst that for curve 2B is 22. This is similar to what has 
been found in a large number of normal extracts, and if such variations oeceur in 
normal animals it is not likely that any significant information could be obtained 
by studying the glyoxalase activity of animals that have been treated with anterior 
pituitary extract. The variations in glyoxalase activity encountered in normal 
animals could not be attributed to sex, age or nutritional factors. At the moment, 
therefore, it would appear impossible, in so far as rats and mice are concerned, to 
express any normal values for liver glyoxalase activity. 
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Any investigations on the glutathione content or glyoxalase activity of ex- 
iracts prepared from the livers of rabbits are complicated by the fact that it is not 
always possible to remove completely the GSH by oxygenation (bubbling O» 
through the extract at O° C.). Although deprivation of food for 24 hours facili- 
tates the oxygenation of GSH, the process is still not complete, and therefore it is 
impossible to estimate GSH or glyoxalase activity by the methods outlined above. 
Perhydrol, although capable of completely oxidizing the GSH, is not a suitable 
agent to use since it frequently causes some enzyme destruction. The varying re- 
sponses shown by extracts prepared from the livers of rats and rabbits to oxidation 
of their GSH are in agreement with those found by Hopkins and Elliott. In their 
experiments extracts were prepared from the livers of different species and shaken 
up for several hours in glass bottles containing an adequate supply of atmospheric 
oxygen. GSH estimations by Tunnicliffe’s method were made on ‘the original 
extract and also on samples withdrawn two, four and six hours after aeration. 

In contrast to my own experiments, in which oxygenation was carried out in 
the ice bath, Hopkins and Elliott usually worked at a temperature of 17° C. 
Nevertheless their results indicate, as mine do, that the rate of oxidation of GSH 
is slower in rabbit liver extracts than in rat liver extracts. In some of my own 
experiments, where rat liver extracts were gassed with oxygen at 0° C., the GSH 
was completely removed within one hour. On the other hand, I have oxygenated 
a rabbit liver extract for 24 hours at 0° C. without completely removing the GSH. 
At a temperature of 17° C. it may be possible to oxidize the GSH completely, but 
any subsequent investigations on glyoxalase activity would be of doubtful value 
owing to the possibility of bacterial contamination of the extracts. At present 
there is no explanation as to why oxidation of GSH in extracts prepared from rat’s 
liver should be more rapid than that found in rabbit’s liver. 

In one respect my results differ from those of Woodward, namely, that I find 
close agreement between the values found for GSH by the manometric and iodate 
titration methods. Woodward, on the other hand, found that the values given by 
the iodate titration method were invariably higher than those obtained by her 
manometric technique. The differences were attributed to the presence of ascorbic 
acid. However, even after applying corrections for this factor, the agreement 
was not always good. A possible explanation of her results might lie in the fact 
that, as shown in my experiments, sulphosalicylic acid is certainly toxie to the 
glyoxalase enzyme. However, the experiments described under the section dealing 
with the influence of sulphosalicylic acid on enzyme activity indicate that this can- 
not be the reason why the iodate titration method gives higher values. From the 
results shown in Table 14 and Figs. 2 and 3, it is seen that although sulphosalicylie 
acid definitely inhibits glyoxalase activity, it is still possible to estimate the GSH 
content of the original extract both in the presence and absence of sulphosalicylic 
acid. In addition, the figures illustrate what has been found in numerous other 
experiments, namely, that the values for GSH obtained by the manometric and 
iodate titration methods are in close agreement. 
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SUMMARY. 


A modified manometric technique for the estimation of GSH in rat and mous: 
liver extracts has been described. 

The difficulties in the application of this method to rabbit liver extracts have 
been discussed, together with the factors which might possibly be concerned in 
eatalysing the oxidation of GSH in such extracts. 

A comparison has been made between the values obtained for the GSH de- 
termined by manometric and iodate titration methods. 

It has been shown that the glyoxalase of rat and mouse liver is stable to 
prolonged oxygenation at 0° C. 

The toxicity of zine and sulphosalicylie acid to the enzyme system has been 
investigated. 

The value of measurements of glyoxalase activities in rat and mouse liver 
extracts has been criticized. 
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In previous communications from this Institute (Anderson, 1938 a and b) 
it was shown that the administration of anterior pituitary extracts to young rab- 
bits inhibited the formation of liver glycogen which normally occurred after the 
intravenous injection of sodium dl-lactate. It was thought that some light might 
be thrown on this phenomenon by the study of the glyoxalase activity of extracts 
prepared from the tissues of young rabbits treated with anterior pituitary ex- 
tracts. However, the extreme variations that are found (Ennor, 1939) in the 
glyoxalase activities of liver tissue from young normal rabbits preclude any 
comparative studies. 

In view of the fact that reduced glutathione (GSH) is the coenzyme for the 
glvyoxalase enzyme system, it was thought worth while to investigate whether the 
administration of anterior pituitary extracts causes any alteration in GSH con- 
centration in liver and blood. 

Glutathione, when referred to in this paper, is to be regarded as meaning the 
two forms of this tripeptide—reduced and oxidized. Reference to these latter will 
be made in a more specific manner, i.e. GSH and GSSG respectively. 

Although numerous investigations have been carried out to determine the in- 
fluence of various hormones on the glutathione content of the blood, very little 
work has been done in respect of the anterior pituitary hormones. The only re- 
ference encountered in the literature was to work done by Maveroff (1933) who 
found that, in nine hypophysectomized dogs, there was a decrease of approximately 
10 p.e. in the GSH content of the red blood corpuscles. The injection of anterior 
pituitary extract, presumably the crude saline form, increased the GSH in the red 
cells of normal dogs. Objection could be made to these results in view of the fact 
that only a very small number of animals was used, and also that the variations 
exhibited by normal controls were quite considerable. 


1 This work was carried out under a grant from the National Health and Medical Research 
Council. 
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In the present study, apart from observations on the blood and tissue gluta 
thione, work has also been done on the influence of anterior pituitary extracts on 
the rate of oxidation of GSH in tissue extracts. The significance of this study 
lies in the fact that, apart from acting as the coenzyme for glyoxalase, GSH plays 
an important part in cellular respiration, the reactions of which might possibly be 
influenced by anterior pituitary extracts. 

In this connection brief reference must be made to the work of Hopkins and 
Elliott (1931-2), who studied the conditions governing the reduction and oxida- 
tion of glutathione by hepatic tissue. The experiments which concern us are those 
related to the course of the disappearance of the thiol group when liver prepara- 
tions are aerated. The procedure adopted by Hopkins and Elliott was to place 
finely-minced liver tissue in bottles and to aerate these by a mechanical shaker at 
room temperature. At stated intervals samples were withdrawn and GSH esti- 
mated by Tunnicliffe’s iodine titration method. Most of the observations were 
made on rabbit’s liver, and it was found that, although the initial concentration 
of GSH varied greatly in different rabbits, yet the course of the oxidation was 
always similar. In well-fed rabbits there is no appreciable change in GSH during 
the first two hours of aeration, because oxidation is balanced by reduction. After 
this stage there is a rapid fall in GSH, and, as Hopkins and Elliott point out, this 
phenomenon in well-fed rabbits exhibits a remarkable constancy. Experiments 
that were carried out on rats gave results that were in marked contrast to those 
found in rabbits. It appeared that in the livers of these animals the processes that 
reduce GSSG are insignificant in relation to the oxidative mechanisms. When rat 
liver is aerated there is no initial delay in oxidation ; and in addition, in contrast 
to the rabbit, there is no difference in the course of oxidation produced by the 
withdrawal of food. 

In view of the above it was thought worth while to determine whether anterior 
pituitary extracts could in any way modify the course of the oxidation of GSH, 
as studied by the aeration of liver extracts. 


INFLUENCE OF ANTERIOR PITUITARY EXTRACTS ON BLOOD AND 
LIVER GLUTATHIONE. 
Methods. 


In the majority of experiments well fed English hutch rabbits approximately eight months 
old were used. These animals were bred at the Institute and maintained on a uniform diet of 
cabbage leaves and bran. 

Before the administration of anterior pituitary extract, blood was taken from the marginal 
ear vein for control estimations of red cell count, GSH and GSSG. Three days later the adminis 
tration of anterior pituitary extract was commenced. Three subcutaneous injections were given 
at 12-hourly intervals and estimations were made 12 hours after the last injection. Check 
determinations were made at 3-day intervals on normal animals, but no significant variations wer« 
noted in the cell counts or in the GSH concentrations. Several types of extract were used and 
these, together with the quantities injected, are described below. 
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TYPES OF EXTRACT USED. 
(1) Crude Saline Extracts. 


The anterior lobe of the pituitary glands of oxen were collected as quickly as possible after 
death, and frozen. The glands were weighed and ground in a mortar with a little sand. Two 
ubic centimetres of normal saline, which had been previously chilled, were added for each gram 
of tissue, and the mixture was allowed to stand, with occasional stirring, in an ice-bath for an 
hour. After centrifuging, the supernatant fluid was drawn off and sufficient taken for the first 
injection, the remainder being kept in the ice-chest until required for further use. The volume 
used for each injection was 2 ¢.c., corresponding to one gram of fresh gland. 


(2) Prolactin Fractions, 
(a) Unfiltered Prolactin. This corresponds to Prolactin ‘‘C’’ deseribed by Young (1938). 
(b) Filtered Prolactin. This was the Prolactin ‘‘C’’ after having been passed through a 
Seitz-Werke filter to remove bacterial contamination. 


(3) Supernatant Extract. 

This corresponds to Young’s non-prolactin ‘‘C’’, 

In the cases of the prolactin fractions and the supernatant fractions, the doses were 3 c.c. 
for rabbits and 2 ¢.c. for rats. 

For the estimation of GSH and GSSG in liver tissue, the animal was killed by a blow on the 
back of the head and bled out from the carotid artery; the liver was removed and finely minced. 
It was then allowed to stand in sufficient 0-9 p.c. KCl to give a 10 p.c. weight-volume suspension. 
After twenty minutes the mixture was filtered through several layers of muslin and aliquots 
removed. The determinations of GSH was carried out by the method of Woodward and Fry 
(1932). In blood, GSH and GSSG were also determined by the same method. 


RESULTS. 


Tables 1, 2, 3 and 4 give values obtained for blood GSH and GSH plus GSSG 
in rabbits that were injected with different fractions of the anterior lobe extracts. 
The glutathione values are expressed both as milligrams per 100 ¢.c. of whole blood 
mg. glutathione per 100 ¢.c. blood 
me ~ ‘red blood cells in millions 
concentration of glutathione in blood was suggested by Gabbe (1929) on the 
erounds that the glutathione is found only in the red blood corpuscles. It is thus 
desirable to give a figure which expresses the glutathione content per unit number 
of cells. Woodward and Fry consider that haemoglobin should also be included 
in the calculations and have modified Gabbe’s formula as follows : 


This latter method of expressing the 


mg. GSH per 100 c.c. blood & haemoglobin % 
red blood cells in millions 
However, in most of the investigations reported in the literature, blood glutathione 
is expressed in terms of 100 ¢.c. of whole blood, and therefore our results are shown 
as in Tables 1-4. 
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GSH tathione  tathione 
RBC. mg. p.c. RBC. 
4-8 49-6 5-5 
2-5 44-5 8-2 
6-4 47-4 8-7 
6-1 37-2 6-4 
6-1 57-6 8-5 


GSH tathione’ tathione 
RBC. mg. p.c. RBC. 
9-0 58-4 9-0 
6-5 43-8 7+7 
5-1 32-8 5-4 
8-0 47-2 8-0 
7-0 40-0 7-0 
7-0 7-2 8-0 


GSH tathione  tathione 
RBC. mg. p.c. RBC. 
7-0 43-8 7-7 
5-7 49.9 8.0 
4-9 48-2 8-6 
10-0 60-5 11-0 
12-0 52-0 10-0 
10-0 49.2 12-0 


TABLE 1. 
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The Effect of the Supernatant Fraction on 
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After extract. 
Total glu- Total glu- 


tathione’ tathione 

mg. p.c. RBC. 
49-4 7-8 
12-4 2-5 
35-0 6-4 
36-5 7-0 
33-5 6-1 


3lood Glutathione. 


After extract. 
Total glu- Total glu- 


tathione tathione 

mg.p.c. RBC. 
55-5 9-0 
36-5 7-4 
40-0 7.5 
45-2 8-0 
35-7 7-0 
40-8 7-0 


The Effect of Filtered Prolactin on Blood Glutathione. 


After extract. 
Total glu- Total glu- 


tathione tathione 

mg. p.c. RBC. 
42-7 7-9 
40-2 7-0 
36-4 8-0 
51-1 10-0 
50-3 12-0 
50-3 10-0 


The Effect of Unfiltered Prolactin on Blood Glutathione. 


After extract. 
Total glu- Total glu- 


tathione  tathione 

mg. p.c. RBC. 
54-0 9-0 
43-8 10-7 
43-8 8-0 
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In Table 5 the values for liver GSH are given for normal rabbits and for 
others that were treated with anterior pituitary extracts. 
TABLE 5. 


Rabbit Liver GSH (mg. per 100 gm.). 


Animals Receiving Extracts. 


Normal Filtered Supernatant Crude Unfiltered Beef 

Animals. Prolactin. Fraction. Saline. Prolactin. Muscle. 
300 259 325 264 286 278 
320 367 204 182 234 263 
322 282 166 174 250 237 
365 286 126 182 131 204 
310 182 166 139 204 231 
391 174 251 177 195 231 
312 300 147 271 
327 174 
312 155 
300 
310 

Mean: 325 258 207 186 207 245 


Although in some instances there is a decrease in the concentration of blood 
glutathione, the effect is by no means constant, and one cannot state that the ad- 
ministration of anterior pituitary extracts markedly influences blood glutathione. 

It will be noted that no values are given in Table 5 for GSSG, the reason being 
that we found, in common with other workers, that in excised liver tissue from 
normal animals all the glutathione was in the reduced form. 

It appears that the crude saline extract has a definite effect in decreasing the 
content of GSH in liver tissue. This effect is also exhibited to a lesser extent by 
the supernatant fluid fraction and the unfiltered prolactin. In order to be sure 
that the action of the crude extract was of a specific nature, we made several simi- 
lar estimations on rabbits which were injected with a beef muscle extract that had 
been prepared in the same manner as the crude saline extract. It is interesting to 
note that the beef muscle extract produced a slight decrease in the liver GSH. 
This decrease is of about the same magnitude as that produced in the case of the 
filtered prolactin. 


INFLUENCE OF ANTERIOR PITUITARY FRACTIONS ON THE 
OXIDATION OF GSH IN LIVER EXTRACTS. 


In this section of the work our experiments were carried out on somewhat 
similar lines to those adopted by Hopkins and Elliott. The chief difference in our 
technique was that we worked with liver extracts instead of a suspension of hepatic 
tissue. Liver tissue was obtained from well-fed, semi-adult rabbits, and after 
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mincing was treated in the manner previously described for the estimation ot 
GSH. In practice, portion of the filtered liver extract was used for the dete: 
mination of initial GSH, whilst the remainder was placed in stoppered bottle 
containing an adequate amount of atmospheric oxygen. The bottles were place: 
in a shaking machine and at stated intervals, usually 2, 3, 4, 5 and 6 hours, sample: 
were withdrawn for the estimation of GSH. 

It might be argued that the course of the oxidation observed in liver extracts 
is not comparable to that found when intact liver cells are present, as was the ease 
in the experiments of Hopkins and Elliott. However, our results showed that the 
course of the oxidation in extracts prepared from the livers of well-fed rabbits was 
similar to that found by Hopkins and Elliott in liver suspensions. For the first 
two hours there was no change, indicating that reduction processes were keeping 
pace with those of oxidation, but from then onwards there was a steady disappear- 
ance of the thiol group. The rate of oxidation was not so great as that found with 
liver suspensions, but this must be attributed to the fact that we were dealing with 
a more dilute enzyme system. In addition, we have been able to show that the 
effects produced by the administration of anterior pituitary extracts on the course 
of the oxidation of GSH in liver extracts are also reproduced in detail when the 
oxidation of GSH in a suspension of hepatic tissue is studied. It was found that 
the administration of anterior pituitary extracts to rabbits markedly inhibited the 
course of the oxidation of GSH in liver extracts prepared from such animals. This 
inhibitory effect on GSH oxidation is best shown by recording the percentage de- 
crease in GSH after six hours’ aeration. 

In Tables 6, 7 and 8 the figures given are the volumes of potassium iodate 
solution necessary to reach the end-point of the titration for GSH. They have not 
been converted into milligrams of GSH. Initial and final values indicate the titre 
of iodate obtained at the beginning of the experiment and after six hours’ aera- 
tion respectively. 


TABLE 6. 


The Oxidation of GSH in Liver Extracts Prepared from Normal Rabbits. 


c.c. of KIOz. p.c. Decrease after 

Initial. Final. 6 hours’ aeration, 
0-76 0-40 45 
1-48 1-02 32 
1-00 0-68 32 
0-66 0-32 50 
1-14 0-56 51 
1-55 1-00 35 


Mean: 1-10 0-66 41 
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TABLE 7. 


The Effect of Anterior Pituitary Extracts on Rate of Oxidation of GSH in Lwer 
Extracts. 





Type of Extract e.c. of KTOs. Percentage 
Administered. Initial. Final. Decrease. 
Filtered Prolactin 1-02 0-84 18 
0-88 0-90 0 
Mean: 0-95 0-87 9 
Supernatant Fluid 0-86 0-86 0 
0-64 0-60 6 
0-94 0-84 9 
1-54 1-26 11 
1-60 1-28 20 
1-10 0-92 16 
Mean: 1-11 0-96 10 
Unfiltered Prolactin 0-70 0-48 30 
0-10 0-90 18 
0-96 0-84 14 
0-78 0-64 18 
0-80 0-72 10 
Mean: 0-87 0-72 18 


From these results it appears that all the different anterior pituitary fractions 
exert a markedly inhibitory effect on the oxidation of GSH as studied in the 
aeration of liver extracts. The average decrease of GSH, as represented by the 
iodate titration figures, was 41 p.c. in the case of normal animals, whilst the highest 
mean value found in extract-treated animals was 18 p.e. 

As a control experiment, the oxidation of GSII was also studied in animals 
that had been injected with a beef muscle extract. The results of these experiments 
are shown in Table 8, and it will be seen that no inhibition of oxidation has been 
produced. 


TABLE 8. 


The Influence of Beef Muscle Extract on the Oxidation of GSH. 





cc. of KIOs. Percentage 
Initial. Final. Decrease. 
1-18 0-40 68 
1-16 0-85 26 
1-36 0-60 56 
1-23 0-40 67 
1 


-06 0-10 91 


Mean: -20 0-59 51 
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DISCUSSION. 


The results recorded indicate two very definite effects produced in tissue GSI. 
by the administration of anterior pituitary extracts. Firstly, a decrease is foun 
in the concentration of GSH in liver tissue; this occurs most markedly after th: 
injection of crude saline extracts, but is also observed to a lesser degree with othe: 
types of extract. The second phenomenon observed is the inhibition of oxidatio: 
of GSH during aeration of liver extracts prepared from animals treated with 
pituitary extracts. 

At the moment it is impossible to explain the decrease in liver GSH that was 
found in animals injected with crude saline extracts. Apart from the values given 
in Table 5, many other determinations were made in the liver GSH of normal rab- 
bits, and the minimum figure recorded was 300 mg. p.c. In contrast to this the 
values obtained after crude saline extract injections are, apart from one experi- 
ment, distinctly lower. It might be stated that the same phenomenon has been 
observed in rats’ livers. Here the values for GSH after treatment with crude 
saline extract were approximately 50 p.c. lower than those observed in normal 
animals. In addition, in contrast to the results shown in Table 5, the injection of 
beef muscle extract had no significant effect on liver GSH concentration. 

It has already been mentioned that, in excised liver tissue, the glutathione 
is present in the reduced form. It had occurred to the writer that the administra- 
tion of anterior pituitary extracts might cause the tripeptide to exist also in oxi- 
dized form in excised tissue. This would mean that there was no actual decrease 
in total glutathione, but an increase of GSSG at the expense of GSH. Some ex- 
periments in this direction, the detailed results of which will be published later, 
revealed the interesting fact that, following treatment with anterior pituitary 
extracts, the liver on removal and mincing contained slight but demonstrable 
amounts of GSSG. Even taking this fact into consideration, it was still apparent 
that the values for total glutathione were well below those found for GSH in 
normal animals, thus indicating a diminished GSII concentration. 

Another factor that might be concerned is the anti-glyoxalase system described 
most recently by Schroeder and Woodward (1937). According to these workers 
the inhibition of the glyoxalase enzyme system is produced by the breakdown of 
GSH into its constituent amino-acids. It might therefore be possible that anterior 
pituitary extracts have, in our experiments, either accelerated the anti-glyoxalase 
activity or per se caused a breakdown of GSH. 

It will be noted that in the Tables dealing with the oxidation of GSH during 
the aeration of liver tissue, no data are given for the action of crude saline extracts. 
It so happened that such investigations had to be made during a spell of very hot 
weather, the room temperature being at times 23-24° C. The results obtained 
were of a very erratic nature, and in many instances the animals died from un- 
known causes. In addition the sample of crude extract that was being used became 
contaminated with an organism that was pathogenic to rabbits. 
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Neglecting the action of the crude saline extracts, the fact remains that a 
definite influence on the oxidation of GSH is obtained with the extracts described 
in Tables 6 and 7. The effect observed may be due to the fact that the anterior 
pituitary extract has upset the balance between oxidation and reduction mechan- 
isms, either by depressing the former or accelerating the latter. At the moment 
experiments are in progress to study the reduction mechanisms in the livers of 
animals treated with anterior pituitary extracts. 


SUMMARY. 


It has been shown that the administration of anterior pituitary extracts to 
rabbits produces no definite alteration in blood GSH or GSSG. 

Such extracts produce a marked lowering of the GSH content of liver, this 
being particularly evident in the case of crude saline extracts. 

A definite inhibition in the rate of oxidation of GSH in liver extracts from 
treated animals has been demonstrated by means of an aeration technique. 

Some of the factors which may be involved in this inhibition have been dis- 
cussed. 
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In previous publications (Underwood and Shier, 1935, 1936) accounts of the 
occurrence of botulism in sheep and of the pica which is its basic cause were given, 
together with descriptions of experiments carried out in the affected areas in 
Western Australia in 1934 and 1935. During the late summer months sheep in 
these areas were shown to be on a very low plane of nutrition, evidenced by large 
falls in live-weight and a high incidence of pica. The pica was characterized by a 
liking for rabbit careases and other carrion which frequently carried the toxin 
of Clostridium botulinum (Bennetts, 1933). In this way frequent cases of botu- 


lism occurred. No sign of pica or of botulism was evident, however, in sheep in 
the green feed period of winter and spring. Phosphatie licks had no effect on 
either the liveweights or the pica. It was evident that phosphorus was not a 
limiting factor and that the pica could not be directly related to a lack of this 
element. It was suggested that the pica might be caused by some physiological 
upset such as disturbance of the acid-base balance. 


Following on the above work, extensive experiments, which are described in 
the present paper, were carried out at Meckering and elswhere during the sum- 
mers of 1935-6, 1936-7 and 1937-8 with the object of obtaining information on the 
effects on the pica of : 

I. Various food supplements in which the influence of direct deficiencies 
of individual nutrients, uncomplicated by other deficiencies, could be 
measured. 

Ii. Certain succulent materials, including silage and green lucerne. 

III. A number of so-called ‘‘ practical’’ rations. 


In addition, experiments on the effects of ‘‘ acquired habit’’ and of restricted 
grazing on the incidence of the pica were carried out. The fact that sheep will 
acquire the habit of consuming careases when exposed to them for periods of 


1 Published with the permission of the U nder Secret tary for Agriculture. 





184 E. J. UNDERWOOD, A. B. BECK anp F. L. SHIER 


several weeks, and that once this habit is acquired they tend to retain it in subs 
quent seasons, and in certain cases irrespective of 1 :tritive treatment, is of gre: 


practical and experimental importance. It is a factor which should be borne in 
mind when the experimental data are being considered. 

Considerable biochemical data on the body fluids of certain of the sheep in 
these experiments were also obtained. These results are discussed in a subsequen 
publication (Underwood, Harvey and Beck, 1939). 


EXPERIMENTAL PROCEDURE. 


The experimental procedure was essentially the same as that described pre 
viously (Underwood and Shier, 1936). Also the experiments were all carried out, 
unless otherwise stated, on the same farm at Meckering where the previous work 
took place. 


I. The Influence on the Pica of Food Supplements Designed to Produce Defi- 
ciencies of Individual Nutrients, Uncomplicated by Other Deficiencies. 


1935-6 EXPERIMENTS. 

A flock of 120 mature mated ewes, obtained from an area where no botulism had previously 
occurred, was divided into 8 groups of 15 sheep. These were all run together in the daytime on 
grazing typical of the area and brought into yards at night for the various treatments. Treatment 
was carried out from 16/12/35 to 25/5/36, i.e. in the late summer dry period. Green feed became 
available from May onwards. 

The group treatments were as follow: 

Group I Controls, grazing only. 

II Completely fed. 13 Ib. chaff plus 3 Ib. linseed cake daily. 

III Completely fed. 4 lb. silage plus $ Ib. linseed cake daily. 

IV Complete supplementary ration. 

V_ Complete supplementary ration minus protein, i.e. meatmeal. 

VI Complete supplementary ration minus energy, i.e. starch. 
VII Complete supplementary ration minus mineral supplement. 
VIII Complete supplementary ration minus vitamin supplement. 

The complete supplementary ration was made up of 3 Ib. chaffed straw, 4 oz. starch, 
2 oz. meatmeal, plus minerals and vitamins per sheep per day. The minerals consisted of equal 
parts of salt, bonemeal and limonite (Fe,0;H.O) fed at the rate of 14 oz. per sheep per day 
the vitamins of 5 gm. dried yeast and 5 ¢.c. cod liver oil per sheep per day. 

Groups IT and III were included in order to find out if any pica would develop in sheep, run 
under the same conditions as the unfed controls, but receiving their entire nutritive requirements 
from the rations supplied. The object of Group IV was to ascertain the effects of a supplementary 
ration designed to meet their nutritive requirement: with the help of the dry grazing consumed. 
Groups V, VI, VII and VIII each received the complete supplementary ration (as in IV) minus 
one nutrient or type of nutrient in each case. The starch fraction was raised in Group V to 
equalize the energy intakes in Groups IV and V. It vas not thought worthwhile raising the starch 
in Groups VII and VIII to replace the very small energy reductions due to the missing mineral 
and vitamin fractions, but in Group VII 40 gm. gluten-t,’»0dmeal (96: 10) replaced the meatmeal 


which was rather high in minerals, The imperfections of the above scheme are realized but it 
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was thought that it would enable the main object to be achieved, i.e. the determination of the 
‘ffect on the pica and on liveweights, of a deficiency of one nutrient or type of nutrient un- 
nfluenced by a gross lack of others. The actual amounts given had to be chosen rather 
arbitrarily and were increased somewhat as the summer advanced. No difficulty was found in 
persuading the sheep to eat the rations, 


RESULTS. 
Pica Tests. 

During December and January the pica tests with dried rabbit carcases were 
entirely negative in all groups, but by the middle of February three of the control 
sheep showed craving. From this time the pica became more general, and by the 
middle of March most of the controls, half of Group VI (minus starch) and several 
members of Group V (minus protein) and Group VI (minus minerals) were con- 
suming careases. By the end of March, Group V was showing a general pica. No 
sign of pica was evident at any time, however, in the two ‘‘ completely fed’’ groups 
(II and III) or in Groups IV and VIII. 

The missing nutrients in Groups V and VI were then replaced, making them 
equivalent to Group IV (complete supplementary). Within 2-3 weeks the pica 
in these two groups had almost completely disappeared, although the controls were 
still actively craving. This would appear to confirm the fact that the pica in 
Groups V and VI was due to a lack of protein and energy respectively. The effect 
was also tried of adding minerals to the ration of that half of Group VII which 
was showing pica. Only slight improvement was obtained over a period of a 
number of weeks. 

With the appearance of the first green feed in May all signs of pica rapidly 
disappeared. 


Losses from Botulism. 


Seven of the 15 control sheep died from botulism. No losses occurred in the 
‘‘well-fed’’ groups (Groups II, III and IV), but two or three animals from each 
of the other groups either died or became affected with botulism and then re- 
covered. This includes even Group VIII, which showed no sign of pica in the 
regular tests. The incidence of botulism in these sheep is exceptionally high even 
for these areas. 

Live-weights. 

The experimental sheep were weighed at fortnightly intervals throughout, 
but only the general trends of these weights will be given. 

The control sheep lost weight steadily throughout the summer, while Groups 
II and III (completely fed) gained considerably. The members of Groups IV, VI, 


VII and VIII also gained to a small extent, but those of Group V (minus protein) 


barely maintained their weight. Apparently additional protein was necessary 
above that obtained from the dry grazing. 
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After the live weight losses due to lambing (mostly in June) all the sheep ex 
cept those from Groups II and III gained in weight on the green grazing available 


1936-7 EXPERIMENTS. 


The results of the previous year’s work warranted further trials to see if the 
general findings could be confirmed and to explain, if possible, the rather high 
incidence of pica in the group receiving the complete supplementary ration minus 
minerals. 

Accordingly 55 mated ewes from the same flock used the previous year were 
divided into five groups for treatment. The general experimental procedure was 
as before, and the group treatments as follows: 

Group I (l5sheep) Controls, grazing only. 

II (10sheep) Complete supplementary ration.* 
III (10sheep) Complete supplementary ration minus minerals. 
IV (10sheep) Complete supplementary ration but gluten-bloodmeal instead of 
meatmeal. 
V_ (10sheep) As Group IV but minus minerals. 


* Complete supplementary ration as in previous year. 


RESULTS. 
Pica Tests. 

By the middle of February almost all the control sheep were showing pica. A 
few cases also occurred in Group II, but the craving disappeared rapidly when 
the meatmeal was raised from 40 to 60 gm. daily. The members of Group IV were 
somewhat later in showing pica but, by early in March, nine of the group were 
consuming earcases. Raising the protein intake (in this ease gluten-bloodmeal ) 
reduced the pica incidence but did not, as in Group II, entirely eliminate it. Con- 
trary to the previous year’s findings removal of the mineral fraction, either in 
Groups III or V, did not significantly raise the incidence of pica. In fact in 
Group III it was slightly lower than in Group IT. 

Tests made on two groups of non-pregnant ewes, corresponding exactly to 
the pregnant ewes of Groups I and II, showed no differences in the incidence of 
pica. In this case pregnancy did not appear to have accentuated the pica in any 
way. 


Losses from Botulism. 


Except in the controls, where four sheep died, the losses from botulism were 
very small. The losses throughout the State were also small in this year. Most 
of the deaths followed positive pica tests, so it is probable that some of the rabbit 
earcases used for testing were toxic. The rabbit population in the grazing pad- 
docks was much smaller than usual. 
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1937-8 EXPERIMENTS. 


Sixty mated ewes taken from the same flock used previously were divided into 
six groups of ten. The treatment of five of these was identical with Groups I to V 
in the 1936-7 experiments, but the sixth group received peameal equivalent in 
protein to the meatmeal in Group II. The quantity of starch was reduced acecord- 
ingly. In faet all the fed groups received the same energy and crude protein 
intakes. 

It was thought necessary to carry out the above experiments in view of the 
rather conflicting results on these points from the two previous years’ work. 


Pica Tests. 


By the middle of January several of the control sheep were showing pica, and 
before the end of the month six of the ten would consume careases. This pica 
continued until the green feed, which was much earlier than usual, became avail- 
able in the paddocks. From this time it disappeared very rapidly in all cases. 

The results in the fed groups are difficult to interpret on a strictly nutritional 
basis. Thus in Group III (meatmeal protein) the absence of the mineral supple- 
ment appears to have raised the pica incidence compared with Group II whereas 
in Group V (gluten-bloodmeal protein) it appears to have reduced the incidence 
compared with Group IV. It is apparent from the results of the three years’ work 
that a mineral supplement is not essential in addition to a protein-energy supple- 
ment to prevent pica. It is obvious also, however, that some other factor or factors 
must be contributing to such apparently conflicting results. The factor of ‘‘ac- 
quired habit’’ is felt to be an important one and will be considered later. The 
incidence of pica in the groups receiving the three different sources of protein 
showed no significant differences. 

The losses from botulism were very small in this season. A low rabbit popula- 
tion in the grazing paddocks, as in the previous year, no doubt accounted for this. 


Il. The Influence of Succulent Materials on the Pica. 


The possibility that succulent feed supplements might prevent the pica could 
not be overlooked in view of the dry fibrous nature of the grazing in the late sum- 
mer, and in view also of the remarkable rapidity with which all signs of pica dis- 
appear with the advent of green grazing following the first autumn rains. 

Accordingly a group of 10 mated ewes, receiving a daily supplement of 24 Ib. 
per sheep of wheaten and oaten silage throughout the dry summer period, was in- 
cluded in the 1935-6 experiments. The animals could not be induced to consume 
more than this quantity of silage, though a further group in the same experiments 
(Group II1) which received an additional 4 lb. of linseed cake daily, ate as much 
as 4 lb. of silage each per day. This is an exceedingly interesting finding, and 
points strongly to the importance of the protein fraction in summer supplements. 
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No losses from botulism occurred in this group, but several of the sheep soon ex 
hibited pica. Six of the ten maintained an active liking for carcases until the gree: 
feed appeared, when no further signs were evident. 

In the 1936-7 experiments two further trials with silage were made, largel) 
due to the fact that, in spite of considerable pica, no losses had oceurred in th 
previous year. The first consisted of treatment of a group of 10 mated ewes wit! 
23 lb. cereal silage plus 20 gm. meatmeal daily. By March 3 there was a 50 p.c 
incidence of pica. This was markedly reduced by inereasing the intake of meat 
meal to 50-60 gm. daily. The second trial was on a field seale with 40 ewes; bui 
no conclusions, with respect to the effect on botulism as distinct from pica, could 
be drawn owing to the unusually small amount of carrion available in the grazing 
paddocks. It was repeated therefore in the 1937-8 summer, taking eare to intro 
duee rabbit careases inoculated with the botulinus organism. On this occasion 
some of the sheep were observed to take the careases and die of botulism. It is 
evident therefore that cereal silage will not control botulism and has no effect on 
the pica unless further supplemented, preferably with a protein-rich material. 

The effect of fresh green lucerne and of sprouted oats on the pica was tried 
in the 1936-7 experiments. Green lucerne (grown by irrigation nearby) fed at 
the rate of 4 oz. per sheep per day for a period of three weeks was completely in- 
effective in removing the pica in a group of ewes. Raising the intake to 8 oz. per 
day was also ineffective, while even 1} lb. per sheep per day had only a very small 
effect. A further group of five sheep showing pica was given 2 lb. of green lucerne 
per sheep per day throughout March and April. The pica was reduced in in- 
tensity by this treatment but by means removed entirely. In fact pica persisted 
in two of the five sheep until green feed became available in the paddocks. 

Sprouted oats fed first at the rate of 4 oz. of the original oats per sheep per 
day and later at the rate of 8 oz. failed completely to eliminate pica from five 
‘‘eravers’’. 


Ill. The Influence of Certain ‘‘ Practical’’ Rations on the Pica. 


Wheat and Oats. In the 1935-6 experiments the effectiveness of wheaten and 
oaten grain in controlling the pica was tried. One group of 10 ewes was given a 
daily supplement of 0-5 lb. wheat per sheep throughout the summer, and a similar 
group was given 0-6 lb. oats daily. Both groups were much slower than the unfed 
controls in showing pica, but late in the summer, when the grazing had become 
very poor, two or three members of each group were consuming careases. In 
addition two of the wheat-fed sheep died of botulism. 

Molasses. In the same year a group of 15 ewes was given a summer supple- 
ment of molasses at the rate of 4 oz. rising to 8 oz. per sheep per day mixed with 
4 lb. chaffed straw. A very strong pica quickly developed, and for a considerable 
period every member of the group was showing active pica. In addition five of 
the sheep developed botulism and three died of the disease. The results from this 
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group are very significant. It would have been most interesting to test the effect of 
adding meatmeal as was done with some of the other low-protein supplements. 

** Avondale’’ Chaff. In the following year the effect was tried of wheaten 
chaff from ‘‘ Avondale’’, a farm in a district where no pica in sheep had been 
known to occur. A group of 10 ewes received a daily supplement of ? lb. of this 
chaff per head. Pica developed quickly in this group and was very intense. By 
the end of February, 9 of the 10 sheep were consuming careases. Meatmeal at the 
rate of 30 gm. per day (later raised to 60 gm.) was then added to the ration. 
Within 3-4 weeks the pica was markedly reduced, though the controls were still 
showing craving. 

Sodium Bicarbonate. The earlier results (Underwood and Shier, 1936), and 
in particular the rapidity with which the pica disappeared with the advent of 
green feed in the field, had made it appear unlikely that the pica could be caused 
by a direct deficiency of an essential nutrient and had led to the suggestion that 
it might be due to some physiological upset, such as disturbance of the acid-base 
balance. The possible significance of acidosis in this regard could not be ignored 
in view of the frequent association of the pica with semi-starvation and with preg- 
nancy, and also in view of the findings of Henderson (1931) that pica in Nigerian 
cattle is associated with an acidosis which is relieved by the administration of 
alkali. 

Accordingly five controls showing pica were given 1 oz. sodium bicarbonate 
daily for four weeks during March and April, 1936. No reduction in the intensity 
of the pica could be observed. In the following year 10 mated ewes were drenched 
with 1 oz. sodium bicarbonate daily for the whole summer period. The pica de- 
veloped in these sheep at the same time as the controls, and within a few weeks 
every one would actively consume careases. It was quite evident that a lack of 
alkalinizing substances could not be producing the craving. This phase of the 
investigation is discussed more fully in a subsequent publication (Underwood, 
Harvey and Beck, 1939). 


DISCUSSION. 


Taking the evidence of the three years’ experiments at Meckering as a whole 
it is clear that the poor quality (and quantity) of the dry summer grazing is the 
principal cause of the pica. Where such grazing forms a large proportion of the 
diet a craving for rabbit carcases and other carrion (i.e. a sarcophagia) often 
develops. Very heavy supplementary feeding, including ample protein, is neces- 
sary to completely prevent the pica and the consequent losses from botulism. The 
feeding of wheat and oats at about 3 lb. per sheep per day provides some control 
but is by no means fully effective. Molasses, at as much as 4 lb. per day, is quite 
useless, and the same may be said of cereal chaff or cereal silage, unless further 
supplemented with a protein concentrate. Such chaff or silage.contains only 5-6 
p.c. protein on the dry weight. It would therefore improve the available energy 
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supply of the sheep but would not greatly raise their protein intake, i.e. they wouk 
remain on a protein-low diet. 

In this connection the results with the semi-synthetie rations are exceedingly 
interesting. The incidence of pica was tested with sheep receiving a ration de 
signed to supplement the grazing with all the nutrients likely to be lacking. These 
results were compared with sheep receiving the same ration minus one nutrient at 
atime. The importance of this form of experimental treatment cannot be over- 
emphasized since only in such a way can the effect of a deficiency of one material, 
uncomp.icated by lack of others, be ascertained. The results show that the supple- 
mentary ration minus either the meatmeal (protein) or the starch (energy) frac- 
tions is quite inadequate to prevent the pica. In both cases adding the deficient 
material caused a disappearance of the pica. On the other hand removing the 
vitamin fraction (dried yeast and cod liver oil) had no effect whatever, and the 
results with the ‘‘minus minerals’’ (salt. bonemeal and limonite) groups were 
exceedingly variable. This will be referred to later, but it is quite apparent that 
a lack of either vitamins or minerals is not a factor in inducing the pica. Phos- 
phorus deficiency as a possible limiting factor had already been eliminated from 
previous work (Underwood and Shier, 1936). Significant deductions to be made 
from the above findings are that a protein supplement alone could not, under the 
conditions in the late summer at Meckering, control the pica since the available 
energy intake would still be very low. Neither could an energy supplement alone, 
since a deficiency of digestible protein would still exist. Actual experiments with 
such supplements bear out these deductions very fully. Thus supplements of 
molasses, cereal chaff or cereal silage, were quite ineffective in preventing pica. 
Meatmeal alone at the rate of 50-60 gm. per day (Underwood and Shier, 1936) 
was also largely, but not entirely, ineffective. Feeding the two types of materials 
together, however, was completely effective. 

Supplements of fresh succulent materials such as green lucerne or sprouted 
oats fed in pens gave very disappointing results. Not until as much as 2 lb. of green 
lucerne was fed daily was there a significant drop in the incidence of pica. Cereal 
silage, sprouted oats and smaller quantities of lucerne appeared to give no control 
at all. These results are rather surprising in view of the remarkable rapidity and 
certainty with which the pica disappears shortly after the advent of green feed in 
the field, unless the amounts of green material obtained by the sheep are much 
greater than would be expected from the appearance of the grazing. It is possible 
also that the extreme palatability of the green ‘‘picking’’ in the field helps to 
reduce the interest of the sheep in rabbit carcases. 

A further point of extreme interest is the factor of ‘‘aequired habit’’ in re- 
lation to the pica. Although most of the results point clearly to a low intake of 
available protein and energy as the underlying cause of the pica, certain of the 
experiments are difficult to explain on this hypothesis alone. Thus in the 1936-7 
and 1937-8 experiments, where 70 of the sheep were used in both years, almost 
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1) p.c. showed similar craving in the two seasons, irrespective of the rations re- 


, 


cewed. Also in the 1937-8 experiments the two ‘‘minerals’’ groups which showed 
the greatest incidence of pica contained the highest proportion of sheep which had 
shown pica the previous vear. The ‘‘aequired habit’’ hypothesis would, in this 
ease, go a long way to explain the results which, on a strictly nutritional basis, are 
very anomalous. 

Attempts were also made to induce pica in areas where none had previously 
been known, by placing sheep on restricted areas of grazing in such districts and 
exposing them frequently to rabbit careases. At the ‘‘ Avondale’’ Experimental 
Farm during the 1936-7 season pica was demonstrated in this way in 16 out of a 
total of 35 sheep. During the following season similar experiments were carried 
out at the Merredin, Wongan Hills, and Chapman Farms, as well as at the Waite 
Institute at Adelaide through the kindness of Mr. A. W. Pierce. The results in 
these cases were all negative. The grazing and seasonal conditions were, however, 
rather unfavourable for the development of pica. It is felt, nevertheless, that 
sufficient data are available to establish the importance of ‘‘aequired habit’’ as a 
factor of considerable practical significance. The freedom of certain areas from 
botulism is probably due to a combination of the nutritional and acquired habit 
factors, with one or the other predominating according to the particular district 
and season. Thus better summer grazings would tend to lower the incidence of 
pica through supplying more available protein and energy, while a smaller rabbit 
population would have the same effect through minimizing the acquiring of the 
habit of consuming ecareases both in the one year and from season to season. It 
should be emphasized that even at Meckering, where the summer grazings are 
exceedingly poor, it takes a good many weeks of exposure to carcases for sheep to 


show signs of pica. 
SUMMARY. 


Experiments are described which were designed to test the effects of various 
feeding and medicinal treatments on the pica (sarcophagia) which impels sheep 
to consume rabbit eareases and other carrion in the late summer period in the 
botulism areas of Western Australia. 

The pica was found to be definitely associated with the low nutritive value 
of the dry summer grazings and in particular with their general inability to supply 
adequate quantities of available protein and energy at this time. Lack of minerals 
or vitamins did not appear to be related in any way to the pica or to the weight- 
losses of the sheep. The experiments from which these results were obtained were 
designed in such a way that the effects of a deficiency of one nutrient, uncompli- 
eated by a lack of others, could be ascertained. 

Supplementary feeding during the summer period with such materials as 
cereal silage, cereal hay or molasses was ineffective in preventing pica since it still 


leaves a protein deficiency. In the same way small supplements of protein con- 
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centrates were ineffective since the sheep remained on a low energy intake. 
combination of such materials fed in sufficient quantities was, however, high! 
effective in preventing the pica and consequent losses from botulism. 

Regular small quantities of fresh green forage such as green lucerne 0) 
sprouted oats did not remove the pica, but amounts as large as 2 lb. of gree: 
lucerne per head daily had a significant lowering effect. 

Previous work had suggested that the pica might be related to some physio 
logical upset such as disturbance of the acid-alkali balance. The possible signifi- 
eance of acidosis in this regard was tested by dosing with sodium bicarbonate. No 
effect on the pica was evident. 

‘* Aequired habit’’ is a factor in the incidence of the pica, and its practical! 
importance with respect to the occurrence of botulism in certain areas is discussed. 
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BIOCHEMICAL DATA ON THE BLOOD AND URINE 
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In previous papers (Underwood and Shier, 1936; Underwood, Beek and 
Shier, 1939) experiments have been described in which the effects have been tried 
of various feeding and medicinal treatments on the incidence and control of the 
pica which impels sheep, in the dry summer period in certain areas of Western 
Australia, to consume toxic rabbit carcases and other carrion and so become 
affected with botulism. Collateral with these investigations biochemical studies 
on certain aspects of the composition of the blood and urine of the experimental 
animals were carried out. It is the purpose of the present paper to describe these 
studies. 

It was felt that the possible relation of acidosis to the pica should be fully 
explored in view of the fact that the pica appeared to be more evident in pregnant 
animals and that a low plane of nutrition or condition of semi-starvation was a 
definite predisposing factor. The findings of Henderson (1931) in Nigeria that 
acidosis produces in cattle a pica relieved by the administration of alkaline sub- 
stances also made it imperative that this phase of metabolism should be particu- 
larly investigated. 

It was felt also that the results would be of general interest and significance 
quite apart from the problem of pica, in view of the entire absence of any serial 
studies on the composition of blood and urine of merino sheep under Australian 
conditions. 

Accordingly, determinations of blood and urine pI1, blood ‘‘alkali reserve’’ 
blood sugar, haemoglobin and plasma nitrogen and non-protein nitrogen were 
made at intervals over periods of several months, together with a number of tests 


se 


for urine ‘‘ketone bodies’’. 


1 Published with the permission of the Under Secretary for Agriculture. 











E. J. UNDERWOOD, R. J. HARVEY anp A. B. BECK 


EXPERIMENTAL. 

Details of the treatments of the various groups of sheep tested in the present investigation 
were published previously (Underwood, Beck and Shier 1939) and will not be repeated here. 

Approximately fortnightly determinations on each of the sheep (pregnant ewes) in three ( 
these groups were carried out. These groups were: 

Group I Controls grazing only (15 sheep) 
III Completely fed during dry period: cereal silage 4 Ib., 
linseed cake 3 Ib. per sheep per day (15 sheep) 
IX Grazing plus 4-8 oz. molasses per day mixed with 
4 lh. chaffed straw (15 sheep) 

The supplementary feeding Groups III and IX was carried out only until green feed becam 
available in May. After this time all three groups were receiving the same treatment, i.e. green 
grazing alone. 

The blood and urine pH determinations were carried out by an electrometric method. Fo: 
this purpose a normal calomel] half cell was coupled with a quinhydrone experimental half cell 
with a gold electrode. The ewes were catheterized to obtain the urine specimens. 

For most of the first vear a titration method (Van Slyke 1922) was used for the ‘alkali 
reserve’’ determinations. Thereafter the Van Slyke manometric method was used, Excellent 
agreement between the two methods was found. 

For blood sugar the ferricyanide method of Folin and Malmros (1929) was used and for 
hemoglobin use was made of the Newcomer disc calibrated by gasometric oxygen capacity dete: 
minations, 

In the second year (1936-7) all the determinations were made by sampling one sheep from 
each group in turn. In this way any diurnal variation was distributed evenly between the groups. 


RESULTS, 1935-6. 
Blood pH. 

A detailed presentation of the 1935-6 results will not be made. Considerable 
individual variation occurred in the early summer results. The mean group 
values in all three groups fell from close to pH 7-50 in February to close to pH 
7-20 in April. These values then quickly rose to about 7-30 as green feed became 
available in the paddocks. Similar fluctuations occurred in Group IIL which 
received an ample ration. The low values in the late summer would therefore 
appear not to be due to the low plane of nutrition at this time. It is obvious also 
that there is no correlation between these values and the incidence of the pica, 
since the sheep in Group III showed no sign of pica at any time, while those of 
Groups I and |X showed very active pica up to the end of April. 


Urine pH. 

Determinations at approximately fortnightly intervals on the individuals of 
the same three groups as before, i.e. Groups I, III and LX, were carried out. As 
with the blood pH, the individual variability is quite large. All three groups 
show very similar mean values throughout, although the fluctuations from time to 
time are large. Thus in early February all groups had alkaline urine with values 


of about pH 8. These values fell to pH 6—6-5 in March and April, rose again to 



















COMPOSITION OF BLOOD AND URINE OF SHEEP 195 


a certain extent, and then fell to as low as pH! 5 in the early green feed period in 
June. 
No correlation with the incidence of pica is evident. 


Biood ‘* Alkali Reserve’’ 
The mean results for the same three groups are given in graphical form in 


Fig. 1. 


Alkali Reserve 1936. 
Vols CO, fer cent 








. . ." 





March Apyil May June July Avdust 
yo Dry grazing + treatment > <«-—— Green grazing only —-———> 
Pig. 1. 


A notable difference between the behaviour of the three groups with respect 
to this determination is immediately evident. Though the values for Groups ITI 
and IX were closely similar throughout, those for Group I (unfed controls) were 
considerably lower in the late summer, falling to levels below 50 vols. CO. p.e. 
The values for Groups III and IX also fell in June, though not to the same extent. 
All groups showed values of about 60 vols. p.c. during the period of ample green 
feed in July and August. 
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The low values of the controls suggest a mild acidosis in the late summer when 
poor dry grazing is the sole diet, but the absence of such low ‘‘alkali reserve’’ 
figures in Group LX, receiving molasses but showing active pica, gives no support 
to the idea that the pica can be in any way related to an acidotie condition. 


Blood Sugar. 


The mean blood sugar levels of the same three groups are given in Table 1, 
together with the range of values within each group. The individual variability 
is large, but not as large as in the other determinations. 

All the group values, with the exception of the figure for Group III on 4/3/36 
which is much below average, lie between 60 and 75 mg. glucose per 100 ¢.c. whole 
blood. There seems to be little seasonal variation even in Group I (controls) 
where the values in the dry period were not significantly different from those when 
green feed was available and no sign of pica was evident. 

The above levels of blood sugar are very similar to those given by Norris and 
Chamberlain (1929) and by Josland (1933), but are considerably higher than the 
values of Hamersma (1934) for ewes in South Africa. 


TABLE 1. 
Blood Sugar Levels, 1936. 


mg. Glucose per 100 c.c. Whole Blood. 


Group. 19/2/36 4/3/36 8/4/36 12/5/36 16/7/36 
I Mean 61 59 65 61 70 
Controls Range 54-68 55-63 56-74 57-66 66-73 
II] Mean 64 45 75 67 71 
Completely fed Range 54-85 36-52 62-100 60-76 63-80 
IX Mean —- 73 — 71 69 
Molasses Range — 60-100 —_ 60-80 61-75 


.XPERIMENTS, 1936-7. 


The data from the previous year’s experiments showed clearly that no corre- 
lation existed between the incidence of pica and the levels of blood and urine pH, 
blood ‘‘alkali reserve’’ or blood sugar. They showed, however, that the individual 
variability in these constituents was in general very large and suggested the exis- 
tence of a mild acidosis in the late summer months. It was thought therefore 
worth while to obtain a further series of figures in order to establish more definite 
values or ranges of values and at the same time to ascertain the effects of pregnancy 
on these values, since all the previous determinations were carried out on pregnant 


, 


ewes. Blood and urine pH and blood ‘‘alkali reserve’’ determinations were there- 


fore carried out on each member of the following groups: 
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Group I Controls pregnant, grazing only (15 sheep) 
II Pregnant, complete supplementary ration* during 

dry summer period (10 sheep) 
VII Pregnant, grazing plus 1 oz. sodium bicarbonate 

per sheep per day (10 sheep) 

VIII Non-pregnant, controls (10 sheep) 


IX Non-pregnant, complete supplementary ration dur- 
ing dry period (10 sheep) 
(* For details see previous paper, Underwood, Beck and Shier (1939) ). 

Feeding or drenching was commenced on 28/12/36 and discontinued on 
20/5/37. After this date all groups received only the green grazing available in 
the paddocks. The first determinations were made on 16/12/36 when all the 
sheep were receiving dry grazing only. 


RESULTS, 1936-7. 
Blood pH. 

The results of these determinations are given in Table 2. The mean values 
for the different groups are closely similar throughout, and do not show the same 
seasonal variation as in the previous years’ experiments. The individual varia- 
bility, however, was again large. The dosing with sodium bicarbonate had no 
effect on the blood pH levels in Group VII, while the pregnant animals showed 
almost identical values with the non-pregnant. It is apparent also that there is 
no correlation of blood pH with the incidence of the pica, since Groups I, VII and 
VIII, which showed considerable pica in the late summer months, had similar 
levels to Groups IT and LX which showed little or none. 


TABLE 2. 


Blood pH Levels. 





Group 16/12/36 2/2/37 6/4/37 27/4/37 18/5/37 27/7/37 

I Mean 7-35 7-36 +3! 7-31 7-26 7-25 7-27 
Range 7-23-7-49 7-20-7-60 7-16—-7-47 7-20-7-51 7-16—-7-36 7-16-7-31 7-16-7-34 

Il Mean 7-31 7-24 7-33 7-26 7-23 7-24 7-24 
Range 7-16-7-45 7-09-7-43 7-27-7-38 7-16-7-34 7-18-7-34 7-20-7-31 7-18-7-29 

VII Mean 7-40 7-34 7-32 7-25 7-2] 7-21 
Range 7-32-7-46 7-20-7-43 7-09-7-58 7-20-7-34 7-14-7-25 7-14-7-25 

VIII Mean 7-61 7-37 7-31 7-28 7-21 7-18 7-18 
Range 7-42-7-86 7-16-7-60 7-22-7-38 7-16-7-38 7-14—-7-31 7-12-7-25 7-14-7-23 

IX Mean 7-46 7-38 7-33 7-25 7-23 7-23 7-22 


‘ 
7-20-7-63 7-31-7-38 7-12-7-45 7-16-7-32 
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Range 7-36-—7-60 


Urine pH. 


The mean group results, together with the range of values, are given in 
Table 3. 
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The variation within each group is very large, and even the mean values flu 
tuate considerably. There seems to be little difference between the groups, how 
ever, except for the rather higher values of Group VII during March and Apri 
(about pH 7-8), when receiving the sodium bicarbonate. 


TABLE 3. 


Urine pH Levels. 


Group 16/12/36 11/2/37 9/3/37 21/4/37 5/5/37 29/7/37 

I Mean 7-30 6-64 6-40 6-33 7-29 6-89 
Range 6-78-—7 -67 6-21-7-12 5-15-7-40 5-54-7-22 6-83-7 -66 6-45-7-31 

II Mean 7-33 7-18 7-10 5-51 6-46 6-77 
Range 6-92-7-75 5-83-7-89 6-19-7-82 4-90-6-55 4-987 -52 6-52-7-09 

VII Mean 6-96 7-77 7-85 7-79 6-81 
Range 6-40-7-71 7-52-7 -99 7-75-7 -99 7-67-7-95  6-75-6-98 

VIII Mean 7-86 6-44 6-83 5-98 7-31 6-57 
Range 7-75-8-01 5+23-7-18 5+59-7-77 5-20-7-12 6-55-7 -66 5-73-7-09 

IX Mean 7-87 6-05 7-08 5-77 6-32 6-85 
Range 7-63-7-97 5-07-7-14  5-54-7-87 = 4-87-7-09 =5-04-7-40 = 6 -09-7-38 


Detailed studies on ten sheep over two days were made in order to gain some 
idea of diurnal variation. The results are given in Table 4. They show clearly 
that considerable variability in the urine pH levels is possible in the same sheep 
at different times in the day. It is evident that large and consistent differences 
are necessary before any significance can be attached to variations in urine pH 


levels. 
TABLE 4. 
Diurnal Variation of Urine pH. 
Sheep yarded on night Sheep on grazing on 
of 22/3/37. night of 23/3/37. 
23/3/37 24/3/37 
Sheep No. Group. 10 a.m. 1 p.m. 4 p.m. 10 a.m. 1 p.m, 4 p.m. 
A57 1 5-90 7-12 7-00 5-93 6-92 7-12 
A72 ] 6-29 7-20 7-25 6-32 6-21 6-16 
M23 2 7-38 7-71 7-62 7-29 7°75 7-58 
M142 2 7-42 7-43 7-38 5-85 5-68 6-06 
M59 7 7-09 7-54 7-31 7-73 7-52 7-49 
M53 7 7-58 7-73 7-63 7-75 7-67 7-69 
M47 8 6-85 7-67 7-78 7-34 7-40 7-66 
M71 8 6-29 7-49 7-42 7-51 7-27 7-34 
M12 9 7-77 7-52 7-52 6-50 7-07 7-36 
M174 9 7-38 6-90 6-75 9°72 6-30 6-45 


Blood ‘* Alkali Reserve’’. 

The mean group figures for ‘‘alkali reserve’’ together with the range of in- 
dividual values are given in Table 5. 

Though considerable individual variation is evident there do not appear to 





be any consistent differences between the values of the fed and the unfed groups, 


i ons 
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the pregnant and the non-pregnant animals, or those groups showing considerable 
pica in the late summer (Groups I, VII and VIII), and those showing little or 
none (Groups Il and IX). No sign of even mild acidosis, as found in the previous 
year, is evident in the control sheep (pregnant) in the late summer. The feeding 
of sodium bicarbonate had some effect in raising the levels of ‘‘alkali reserve’’ at 
first, but within about two months the values in this group were in general no 
higher than those of the other groups. 


TABLE 5. 


Alkali Reserve (Vols. pc. COs) 1936-7. 


Group 15/12/36 2/2/37 23/2/37 6/4/37 27/4/37 18/5/37 27/7/37 

I Mean 46-1 59-6 58-5 55-6 56-7 60-3 56-6 
Range 39-i-50-2 52-9-67-3 46-9-67-7 48-4-59-4 52-4-64-1 55-4-68-2 52-9-60-4 

II Mean 51-2 58-0 56-7 47-6 51-5 55-5 56-6 
Range 44-4-55-8 54-2-62-2 49-2-63-6 44-0-51-4 45-7-62-0 51-2-58-8 48-4-61-5 

VII Mean 63-4 59-2 59-0 54-3 58-5 55-7 
Range 53-6-73-4 53-8-65-2 50-3-68-2 49-2-63-2 55-4-62-9 50-8-60-0 

VIIL Mean 47-0 49-4 59-6 56-6 57-5 60-2 50-7 
Range 43-3-53-3 46-0-53-7 53-7-67-9 49-9-68-4 50-3-66-9 57-1-63-6 49-0-53-9 

IX Mean 53 -( 43-8 57-8 53-6 52-7 57-9 51-4 


) 
Range 43-4-61-9 38-6-51-3 53-5-61-7 42-8-58-7 42-7-65-0 52-6-64-1 39-4-58-5 


Haemoglobin. 


The mean group figures, together with the ranges of values, are given in 
Table 6. 

Although the individual variation, in most cases, is very large, the mean group 
values do not differ greatly. Neither seasonal conditions nor feeding treatments 
appear to have affected the values appreciably. No sign of definite anaemia is 
evident at any time though occasional values are lower than might be expected for 
‘‘normal’’ sheep. 


TABLE 6. 


Haemoglobin Levels (gm. p. 100 e.c.) 1937. 


Group 8/2/37 23/2/37 6/4/37 27/4/37 18/5/37 27/7/37 

I Mean 10-2 11-3 -- 9-8 10-5 11-7 
Range 8-8-11-5 9-3-12-6 9-0-10-2 9-9-11-3 10-5-13-2 

II Mean 10-3 11-9 10-1 11-5 12-8 10-8 
Range 8§-9-11-9 10-5-13-2 9-9-10-5 8-5-13-2 11-3-14-4 10-2-12-2 

VII Mean 10-4 11-2 9-6 10-2 9-9 10-5 
Range 8-9-11-7 9-4-12-2 8-8-10-9 8-8-12-6 8-5-10-9 9-3-i11-8 

VIII Mean 9-9 11-2 9-9 10-2 11-3 11-4 
Range 7-2-11-7 8-3-15-1 8-1-11-3 8§-8-12-2 9-6-14-4 9-9-13-2 

IX Mean 10-2 11-2 9-4 10-7 12-4 11-8 


Range 8-7-12-2 9-3-12-6 7-2-11-3 8§-8-12-2 9-9-13-7 9-3-13-7 
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Plasma Total N and Non-protein N, 


The absence of any correlation between the determinations carried out and 
the onset of pica in the 1934-5, 1935-6 and 1936-7 experiments made it imperativ: 
to look further. The importance of low protein intake as a factor in producing 
pica (see Underwood, Beck and Shier, 1939) suggested that the total plasma N 
and the non-protein N levels might be of some significance. Accordingly on two 
occasions a series of these determinations was carried out on ewes from the 1937-8 
experiments. 

On 28/2/38 the mean values for three control (dry grazing only) ewes were 
0-98 p.c. total N (range 0-88-1-03) and 34-4 mg. p.c. non-protein N (range 
32-0-37-3). The corresponding values for seven ewes (grazing plus supplemen- 
tary feeding) were 1-08 (0-99-1-15) p.c. total N and 33-9 (31-1—-40-0) mg. p.ze. 
non-protein N. On 5/4/38 a further set of values was obtained. For five con- 
trols there were 0-98 (0-90-1-07) p.c. total N and 38-7 (32-0-46-7) mg. p.e. 
non-protein N, while the figures for nine fed ewes on the same day were 1-01 
(0-91-1-09) and 41-7 (32-0-46-7). 

The individual variability is high especially in the non-protein N values, and 
it is evident that the values for the controls are not significantly different from 
those from the sheep receiving supplementary feeding. Nor does there appear to 
be any correlation between these values and the incidence of pica. Thus of the 
fourteen sheep tested on 5/4/38 six showed definite pica. The mean values for 
these six sheep were 1-00 p.c. total plasma N and 42-9 mg. p.c. non-protein N. 
The corresponding values for the eight animals showing no pica at this time were 
little different, namely 1-00 and 38-9. 


DISCUSSION. 


In so far as they throw any light on the cause or nature of the pica the bio- 
chemical data call for little discussion. It is quite apparent that no correlation 
exists between any of the data obtained and the presence or absence of pica. Nor 
does acidosis to even a mild degree appear to play any part. Test for ‘‘ketone’ 
bodies on the urine of a number of animals were entirely negative. 

The results, however, call for some comment in other respects. Two very 
noticeable features are (a) the extreme variability of individual values, and (b) 
the comparatively small effect on such values of a wide range of nutritive con- 
ditions. In regard to (a), the variability not only exists from sheep to sheep under 
apparently identical conditions, but in the same sheep from day to day and even 
at different times in the same day. It is quite evident that significance can only 
be attached to relatively large and consistent differences with a considerable num- 
ber of animals. This is a point which is frequently insufficiently appreciated. 





The results in regard to (b) point to a very high degree of adaptability on 
the part of the merino to a wide range of conditions. Thus, although there appears 
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to be some slight difference in the 1935-6 season, in the following year the mean 
values for blood and urine pH, blood ‘‘alkali reserve’’ and blood sugar in the 
control ewes are closely similar in the summer when on very poor quality grazing 
to the values in the winter and spring when ample green feed was available. The 
results are equally close between the control sheep in the summer and other groups 
receiving heavy supplementary feeding at this time. It is apparent that the con- 


“ee 


trol ewes have been able to sustain a ‘‘normal’’ blood composition, at least with 
respect to the above constituents, in spite of their low plane of nutrition. Similar 

results were obtained earlier with respect to the blood inorganic phosphorus levels. 
Underwood and Shier, 1936). 

A comparison of the levels obtained in the present investigation with those 
obtained elsewhere is of some interest. The only investigation of the general com- 
position of the blood of sheep and cattle in Australia is that of Norris and Cham- 
berlain (1929) using abattoir material. A general study for New Zealand animals 
was also made by Josland (1933) though the number of determinations was in this 
ease very small. Very comprehensive serial studies were made by Hamersma 
(1934) on South African merinos. 

The writers have been unable to find any data on the pH of the blood of sheep. 
A large majority of the present values lies between 7-20 and 7:40 with a mean 
(for over 300 determinations) of pH 7-29. This is somewhat lower than the mean 
‘‘normal’’ figure of 7-4 given by Peters and Van Slyke (1931) for humans. The 


‘ 


range is also much greater than the ‘‘normal’’ range given by these workers, i.e. 
pH 7-33-7-51. 

An examination of the literature shows that normal sheep on a good diet gene- 
rally have a urinary pH of between 7-0 and 8-0. Under conditions of starvation 
these values quickly fall to between 6-0 and 7-0 and occasionally lower (Roderick, 
Harshfield and Hawn, 1937). The mean of all the present values is 6-8, with a 
number of determinations below pH 6-0 and several even below 5-0. The values 
must therefore be considered, on the whole, as more acid than norma]—a result 
which cannot be attributed to the influence of pregnaney since a number of non- 
pregnant animals gave closely similar results. 


” 


The only results for the ‘‘alkali-reserve’’ of blood of sheep that the writers 
have been able to find are those given by Roderick and Harshfield (1932) and 
Sampson and Hayden (1935) in their studies of pregnancy disease of ewes. These 


sé 


workers found a very large range of values in ‘‘normal’’ ewes with means of 54°3 
vols. p.c. COs in the first investigation and 64-2 in the second. The numbers ex- 
amined were small in each case, however. In the present investigation the range 
of values is equally large but the results are appreciably lower than those in the 
second investigation quoted above. The mean of all the determinations made 
(over 300) is 55-0, which is almost identical with Roderick and Harshfield’s mean 
value. It should be mentioned that the non-pregnant ewes do not show values 
significantly different from the pregnant. 
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Considerable difference of opinion appears to exist as to the levels of haemo 
globin in the blood of normal sheep. Thus Hamersma (1934) gives 14-7 gm. Hb 
per 100 ¢.c. as the average of a large number of determinations of healthy merin: 
ewes, while Filmer (1933) gives 15 gm. as normal for young merinos. Bennetts 
and Chapman (1937) on the other hand give 11-12 gm. per 100 ¢.c. as normal for 
merino ewes in Western Australia, while the work of Marston and McDonald 
(1938) suggests 10-11 gm. Hb. per 100 ¢.c. as being normal. A mean figure of 
11-12 gm. was obtained by Underwood (1938) in a serial study on six Hampshire 
Down ewes in the United States. The results in the present experiments are very 
similar te the later figures quoted above. The group means rang from 9-4 to 12°8, 
with the mean of all determinations 10-8 gm. Hb. per 100 e.e. 

Few figures for total plasma N of sheep are available for comparison, but the 
non-protein N (NPN) values obtained in the present investigation are appreciably 
higher than those obtained by Norris and Chamberlain (1929) for sheep (mean 
28-2 mg. p.c.) and by Josland (1933) (mean 33-0 mg. p.c.), and are very con- 
siderably higher than those of Hamersma (1934) (mean 24-0). Hamersma’s 
mean figure is obtained from over 80 determinations at intervals on six merino 
ewes. These determinations range from 13-4-48-4 mg. p.c. In the present series 
only 24 determinations of N.P.N. were made. These ranged from 31-1 to 46-7 and 
averaged 37-9 mg. p.e. 


SUMMARY. 


Determinations of blood and urine pH, blood ‘‘alkali reserve’’, blood sugar 
and haemoglobin, together with a certain number of total plasma nitrogens and 
non-protein nitrogens, were carried out on merino sheep in the botulism areas of 
Western Australia. 

The results indicate an extremely large individual variability in these values 
with sheep under the same conditions, and considerable independence of a wide 
range of nutritive conditions. Pregnancy appeared to have no influence on the 
values obtained. 

A detailed comparison of the results with those from other sources is made. 
Merino sheep under the conditions investigated in Western Australia tend to main- 
tain blood ‘‘alkali reserve’’ and haemoglobin levels very similar to most of the 
more recently accepted ‘‘normals’’ for sheep from elsewhere, but the figures for 
urinary pH are in general somewhat lower and the non-protein nitrogen and blood 
sugar levels appreciably higher than these ‘‘normals’’. 

No correlation was found between any of the above values and the onset or 
disappearance of the pica, which was measured by the consumption of rabbit ear- 
eases exhibited to the experimental sheep. A mild acidosis was found in the first 
summer in certain of the control sheep, but this could not be related to the pica 
in any way. 
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CONCERNING THE METABOLISM OF FRUCTOSE 
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In respect of its effect on the respiratory quotient (R.Q.) and its ability to 
form liver glycogen, fructose affords a marked contrast to glucose. The rate of 
absorption of the various monosaccharides from the gastro-intestinal tract has 
been intensively investigated, and it is generally agreed that fructose is absorbed 
at a much slower rate than glucose. The comparative values found in rate by Cori 
are as follows: 110 for galactose, 100 for glucose, and 43 for fructose. Despite the 
slower rate of absorption of fructose, there is ample evidence to show that this 
hexose is a better precursor of liver glycogen than glucose. Fletcher and Waters 
(1938) consider that this is due to the fact that fructose is rapidly converted into 
glucose by the hepatic cells and that, in addition, it exerts a catalytic action on the 
glucose so formed. 

The question as to whether fructose is directly utilized by the tissues is of 
considerable importance in interpreting the action of this hexose on the R.Q. It 
is well known that the ingestion of fructose is followed by a rise in the R.Q. which 
is more rapid and more sustained than that produced by an equivalent amount of 
glucose. According to Deuel (1927) the ingestion of fructose is followed by a rise 
in the R.Q. to unity or above within 10 to 20 minutes. Although it has been gene- 
rally assumed that this phenomenon indicated a greater oxidation or increased fat 
formation, there is some evidence that suggests that the effect of fructose on the 
R.Q. might not be due to a true metabolic process. It has been shown that under 
certain conditions the administration of fructose is followed by an accumulation 
of lactic acid in the blood stream, and some workers consider that the rise in the 
R.Q. is to be attributed to an increased production of CO. resulting from a dis- 
turbed acid-base equilibrium. 

If it can be shown that fructose is directly utilized by the tissues without con- 
version to either glycogen or glucose, then supporting evidence is obtained to show 
that the specific effect produced by fructose on the R.Q. is indeed due to a more 
rapid utilization of this hexose. 

In this connection Steinberg (1927) has studied the utilization of fructose in 
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isolated surviving organs. He concluded that fructose is directly utilized by the 
kidneys, skeletal muscles and liver. 

It occurred to us that more quantitative and exact evidence on this problen 
could be obtained by studies on the spinal eviscerated eat as used by Best, Dale 
Hoet and Marks (1926). These investigators utilized this preparation for study 
ing the action of insulin on glucose, and by constructing a balance sheet were abli 
to show that the glucose disappearing under the action of insulin could be fully 
accounted for by oxidation and deposition as glyeogen in the muscular tissues. 
Our own experiments have been performed on somewhat similar lines; the evis- 
cerated preparation has been supplied with a continuous intravenous infusion of 
fructose, and analyses were made on blood and muscle tissue, and from these 
results we have constructed a balance sheet in order to ascertain whether the tissues 
have utilized fructose. 

In addition to the above investigations, studies have been made concerning the 
influence of fructose on blood lactic acid. 


METHODS. 


The Estimation of Fructose in the Blood. 
Fructose was estimated by a modification of the method described by Roe (1934). This is 
based on the Seliwanoff reaction, in which a protein-free filtrate is heated with an alcoholic 
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Fig. 1. Colour curve for Seliwanoff reaction, showing variation of light absorption with 
wave length. 











CONCERNING THE METABOLISM OF FRUCTOSE 207 


resorcinol solution and hydrochloric acid. The heating is carried out in the water bath for 
8 minutes at 80°C. At the same time a series of standard fructose solutions are treated in a 
similar fashion and colorimetric comparison made of the unknown solution and the standard 
solution whose colour most closely matches that of the unknown. In our own experiments it was 
frequently necessary to determine glucose, fructose and lactic acid in the same filtrate and for 
this purpose the modified Somogyi de-proteinizing reagents described by Friedemann and Graeser 

1933) were used. It was found convenient to add 2 ¢.c. of blood to 14 ¢.c. of the ZnSO,—-H.SO, 
reagent and then carefully run in 4 ¢.c. of the standard NaOH solution. After thoroughly 
shaking, the mixture was filtered. Two cubic centimetres of the filtrate were transferred to a test 
tube and treated as described by Roe with the alcoholic resorcinol and hydrochloric acid solutions. 
After the development of the colour of the Seliwanoff reaction, the solution was transferred to 
a special glass cell and its extinction coefficient determined by means of the Pulfrich photometer. 
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Fig. 2. Showing the relationship between extinction co-efficient and fructose concentration. 


By reference to a standard curve in which varying concentrations of fructose were plotted 
against values for the extinction coefficient, the fructose concentration of the unknown solution 
is caleulated. In Fig. 1 the ‘‘colour curve’’ of the Seliwanoff reaction is shown. This was 
obtained by taking a fructose solution and treating it with Roe’s modified resorcinol reagent. 
The resulting coloured solution was placed in the Pulfrich photometer and the light absorption 
determined with a series of filters transmitting light of known wave lengths. From the curve 
it will be seen that maximum absorption occurs with light having a wave length of approximately 
7,000 A. In our experiments we used the filter designated by Carl Zeiss as 872. The dominant 
wave length of the light transmitted by this filter is 7,200 A. 

In Fig. 2 the relationship between extinction coefficient and fructose concentration is shown. 
The readings were taken with the filter S72, and it will be seen that within the stated range there 
are no marked deviations from Beer’s law. 

In practically all of our experiments fructose was determined in the presence of glucose 
which may slowly react with the Seliwanoff reagents and introduce an additive error in the esti- 
mation. However, we were able to confirm Roe’s statement that when heating is carried out at 
80°C., glucose may be present up to 300 mg, p.c. without producing any colour with the re- 
agents. As a final check on the method we have carried out a number of recovery experiments, 
the results of which are shown in Table 1. 
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TABLE 1. 
Recovery of Fructose Added to Blood. 
Fructose added. Fructose recovered. Percentage 
gm. per 100 c.c. gm. per 100 ¢.c. recovery. 
0-025 0-024, 98-5 
0-050 0-050, 101-0 
0-075 0-075; 100-5 
0-100 0-099; 99-1 
0-500 0-496 99.2 
1-000 0-983 98-3 
2-500 2-47 98-8 
5-000 5-04 100-8 
7-500 7-35 98-0 
10-000 9-89 98-9 


Glucose in blood or muscle filtrates was estimated by the method of Harding and Downs 
(1933). The total reducing value in terms of cubic centimetres 0-005 N iodine was determined, 
and then by reference to the tables given by Harding and Downs, a titre value for the previously 
estimated concentration of fructose was calculated. Subtracting this value from the total re- 
ducing value enabled the glucose concentration to be determined. 

Muscle tissue filtrates for analysis were prepared according to the method of Harding, 
Grant and Glaister (1934). In our calculations we have adopted the same assumptions that were 
used for the spinal eviscerated cat preparation in the insulin investigations of Best, Dale, Hoet 
and Marks, namely, that the muscles amount to half the body weight, and the blood volume to 
one-sixteenth of the body weight. 


RESULTS. 
The Direct Utilization of Fructose by Muscle Tissue. 

At the outset it was uncertain as to what factors would have to be considered 
for constructing a balance sheet to show fructose disappearing against fructose 
found. For a start it was decided to balance the fructose infused against the in- 
creases found in blood and muscle. Should any marked quantity of carbohydrate 
be unaccounted for by these means it would be necessary to investigate other 
factors such as oxygen consumption, blood lactie acid, ete. The methods used for 
the determination of fructose in blood and muscle have already been described, and 
it is only necessary to add that no detectable amounts were found in blood or 
muscles from animals not injected with fructose. The possibility that our values 
for muscle fructose may in part be due to hexose phosphate breakdown is nega- 
tived by the work of Bischoff and Long (1932), who showed that hexose phosphate 
is not present in muscle extracts prepared by the Zn(OH).» method of protein 
precipitation. 

The following detailed description of an experiment will illustrate the 
methods used. 

Weight of cat = 3-0 kg. Eviscerated preparation. 


Time. 

12.20 Initial blood and muscle samples taken. 

12.30 Infusion of 8-6 p.c. fructose commenced. 
Rate of infusion = 516 mg. per hour. 

2.30 Blood sample taken. 


5 units of insulin intravenously. 
4.40 Final blood and muscle samples taken. 
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In this experiment 25 ¢.c. of 8-6 p.c. fructose were infused; this corresponds to 2+15 grams 
of fructose. 

The blood fructose rose from 0 to 0-284 p.c. 

The calculated blood volume of this cat was 190 ¢.c., so that we can account for 
0-284 X 1-9 = 0-54 grams of fructose. 

The figures for free fructose in the muscles were as follows: 


Muscles taken: Fructose p.c. 


Tibialis anterior 0-122 
Gastrocnemius 0-086 | Average = 0-104 p.c. 
Quadriceps femoris 0-103 

0-311 


Assuming that the increase of fructose found in the muscles of the hind limb is repre- 
sentative of that in all the muscles of the body, the total increase in muscle fructose is 
0-104 XK 15 = 1-56 gm. 

If now we make a balance: 


Fructose infused 2-15 gm. Fructose found: 
Blood 0-54 gm. 
Muscles 1-56 gm. 





In Table 2 the results of several experiments similar to the above are shown. 
The quantities of fructose infused are shown, together with the amounts of fructose 
accounted for. The latter comprises fructose in the blood stream and in muscle 
tissue. 
TABLE 2. 


Utilization of Fructose by Eviscerated Cat Preparation. 


Fructose infused. Fructose recovered. Difference. 
gm. gm. gm. 
3-6 3-45 0-15 
2-16 2-08 0-08 
1-66 1-53 0-13 
*2-43 1-81 0-62 
1-63 1-54 0-09 
1-14 1-08 0-06 


Apart from the one experiment marked with an asterisk, one is able to account 
for practically all the fructose that was infused. Although in all cases there is a 
small quantity that is not accounted for, it is doubtful, considering the approxi- 
mate nature of the calculations, whether this discrepancy is of any real significance. 
It does, however, seem clear that under the above experimental conditions the 
: muscles have not utilized fructose to any appreciable extent. 
, Further evidence in favour of this theory is obtained when a series of blood 
fructose determinations are made on an eviscerated preparation receiving an intra- 
venous infusion of fructose. The blood glucose of the eviscerated preparation can 
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be maintained, as Best et al. have shown, at a steady level by a suitably regulated 
intravenous infusion of glucose. Under such conditions the infusion is just keep 
ing pace with the utilization of glucose by the peripheral tissues. With fructose 
even if the glucose has fallen to a negligible concentration, it is impossible to 
maintain a steady fructose concentration in blood by the infusion of this hexose. 
It is found that with a constant rate of infusion the concentration of fructose in 
the blood steadily increases, thus indicating that there is no appreciable utilization 
by the tissues. In addition insulin does not in any way influence this phenomenon. 


The Influence of Fructose on Blood Lactic Acid. 


As previously mentioned the question of an increased lactic acid production 
after the administration of fructose is of great importance in interpreting the 
action of this sugar on the respiratory quotient. This aspect of fructose meta- 
bolism has been fully discussed and critically reviewed in a recent publication by 
Deuel (1936). In respect of the effect of the oral administration of fructose on 
blood lactic acid, the evidence is extremely conflicting, but on the other hand very 
definite increases have been found after the intravenous injection of fructose into 
dogs. In discussing this phenomenon in relation to the effect of fructose on the 
R.Q., Deuel- quotes the work and criticisms of Carpenter and Lee, who consider 
that the intravenous injection of a sugar does not represent a physiological mech- 
anism ; and, furthermore, that in many instances the increased blood lactic acid 
concentrations were produced by ’ quantities of fructose and that 
this might have resulted in an abnormal metabolism. 

It seemed of interest in relation to the observations already recorded to study 
the blood lactic acid in the eviscerated preparation receiving intravenously admin- 
istered fructose. In Table 3 the values for blood lactic acid are recorded in pre- 
parations receiving varying quantities of fructose. 


‘ 


‘overloading’ 


TABLE 3. 


Rate of Time in hours after commencement of infusion. 

Experiment Sugar infusion 0 1 2 3 4 
No. infused. mg. per hr. Lactic acid in blood—mg. per 100 ¢.c. 

Fructose 600 35 37-3 42-7 40 38 

2 Fructose 540 38 40-9 40-5 38 41 

3 Glucose 600 24 26-0 22-5 25 28 

Fructose 1,500 28 40-9 54-0 66 68 

5 Fructose 1,200 25-2 54-0 63-0 70 76 

6 Fructose 900 34 42-0 58-0 63 59 

7 Glucose 1,500 32 48-0 53-0 49 52 


It will be observed that fructose or glucose may be infused at rates up to 
600 mg. per hour without markedly affecting the blood lactic acid values. In the 
experiments recorded in the previous section fructose was never infused at a 
greater rate than 600 mg. per hour and no significant changes were observed in 
the blood lactic acid concentration. It must be realized that quite an appreciable 
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increase in blood lactie acid would not materially affect the calculations that were 
used in the earlier experiments to account for the fructose that was infused. Thus 
a rise of 20 mg. p.c. in a cat whose calculated blood volume was 200 ¢.c. would 
amount to 0-02 * 2 = 0-04 gm. 

In experiments 4, 5 and 6 (Table 3), where larger amounts of fructose were 
infused, there is a distinct rise in the blood lactie acid, and the same effect is seen 
in experiment 7 with glucose. These results would tend to support the views of 
Carpenter and Lee that the administration of large amounts of sugar by the intra- 
venous route does not represent physiological process. 

The experiments tabulated in Table 3 were selected from a larger number of 
experiments on similar lines. They were chosen because the initial blood lactie 
acid values were approximately within the normal range. In other experiments 
that were disregarded, the initial blood lactic acid figures, owing to excessive 
muscular twitchings that occurred during the severing of the spinal cord, were 
extremely high. In such instances there would be a tendency for the lactic acid to 
decrease during the course of the experiment and thus mask any effect of fructose. 

In experiments on the intact animal there is always some difficulty in pre- 
venting muscular movements, which may affect the blood lactic acid values. The 
following experiments that were carried out on animals under amytal anaesthesia 
show the effect of moderate amounts of fructose when introduced into a loop of 
small intestine, just distal to the duodenum. 

Dog. Amytal anaesthesia. After the animal had settled down to a steady state of anaes- 
thesia the abdomen was opened and a loop of small intestine isolated. Initial blood samples 
were taken from the carotid artery and from the venous return of the intestinal loop. Six grams 
of fructose in 25 ¢.c. H2O were injected into the intestine and blood samples taken for analysis, 
as shown in Table 4. 


TABLE 4. 


Time Systemic blood. Venous return from intestine. 
in Blood glucose. Blood lactic acid. Blood fructose. 
min. mg. p.c. mg. p.c. mg. p.c. 
0 0-125 16-1 
10 0-127 15-8 0-048 
20 0-121 16-3 0-054 
40 0-126 15-4 0-076 
60 0-120 15-6 


The values obtained on blood from the intestinal loop clearly show that the fructose is being 
absorbed, but no significant increases in lactic acid are seen in the systemic blood. 

In Table 5 the results of several similar experiments are collected. In afl instances the 
animals were dogs under amytal anaesthesia. 


TABLE 5. 


Fructose Time in minutes after fructose. 
No. of administered 0 20 40 60 
experiment. grams. Systemic blood lactic acid, mg. p.e. 
1 8 14-4 13-5 12-1 14-4 
2 6 10-4 11-2 11-0 10-8 
3 10 16-2 16-4 15-8 16-6 
4 5 8-4 9-0 8-8 8-6 
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DISCUSSION. 


From the results recorded it does not appear that fructose, as such, is utilizec 
to any appreciable extent by the peripheral tissues. In the intact animal the chie! 
site for the transformation of fructose to glucose is most probably the liver, but 
according to Bollman and Mann (1931) it is possible that the intestinal mucosa 
might also be concerned in this process. In relation to our findings on the evis- 
cerated preparation it is interesting to note that Wierzuchowski et al. (1931) 
found that insulin is without effect on the fructose elimination of dogs receiving 
this sugar at a constant rate intravenously. This is in marked contrast to what 
is found with glucose, and tends to support our view that the peripheral tissues 
cannot directly utilize fructose. 

In addition to the above our experimental results do not indicate that lactic 
acid formation is of great importance in the intermediate metabolism of fructose. 
It is seen that when moderate amounts of this hexose are administered by the intra- 
venous route to the eviscerated preparation, no increases in blood lactic acid concen- 
tration are found. On the other hand, when ‘‘overloading’’ quantities of fructose 
or glucose are so given, definite rises in blood lactic acid are seen. This would 
tend to support the theory of Carpenter and Lee that has already been referred 
to in relation to the effect of fructose on the R.Q. The experiments in which physio- 
logical amounts of fructose were injected into the intestine also show that, although 
definite absorption of this sugar occurred, there were no changes in the blood lactic 
acid concentration. In our opinion the most convincing argument against the 
theory that the greater elevation in the R.Q. produced by fructose in comparison 
with glucose is due to a disturbance in the acid-base equilibrium consequent on 
an increased production of lactic acid, is that advanced by Deuel (1936). He con- 
siders that if the early rise in the R.Q. following fructose administration were due 
to a ‘‘blowing-off’’ of COs, then one would expect to observe a compensatory re- 
tention during the period when the excess of lactic acid is being removed. Actu- 
ally it was found that not only was there an abrupt rise in the R.Q. to 1-00 or more, 
but the values for the R.Q. were consistently higher than that observed after glu- 
cose from the second to the fourth hour after the administration of fructose. 

Although the available experimental evidence does not enable us to speak with 
certainty concerning the greater elevation produced on the R.Q. by fructose, our 
own results tend to support the views of Higgins (1916), and Catheart and Marko- 
witz (1927), that the higher R.Q. observed in the intact animal after fructose ad- 
ministration is due to a greater rate of fat formation rather than to a preferential 
combustion. 


SUMMARY. 


Experiments are described concerning the utilization of fructose by the 
spinal eviscerated cat preparation. 
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Under these conditions there does not appear to be any appreciable utiliza- 
tion of fructose by the muscles. 


The influence of fructose on blood lactic acid has been investigated. 


The results are discussed in relationship to the metabolism of fructose. 
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Although the possibility of growing transplantable tumours of birds and 
rodents on the chorio-allantois of the chick embryo was demonstrated nearly thirty 
years ago, and at least one human tumour was found to grow in this situation, no 
recent attempt seems to have been made to study human neoplasms by this means. 
Apart from the interest of the observation, information of value might be obtained 
were it possible to transmit human tumours in series. The work described below 


was undertaken, therefore ; and since all the specimens examined did not prove to 


be neoplastic a certain number of observations on the growth of non-malignant 
human tissues were made in passing. Since also, in the nature of things, neoplasms 
did not always arrive when incubated eggs were ready for inoculation, these were 
sometimes used in attempts to cultivate normal rabbit tissues. 


Murphy and Rous (1912) showed that the Rous sarcoma of chickens would grow in duck 
and pigeon embryos, but not in the adults of these species. Murphy (1913) found that the Jensen 
rat sarcoma also grew at least as rapidly on the chorio-allantoic membrane as in the adult rat, 
even theugh the eggs were incubated at a temperature higher by 2°C. than that of the normal 
rat. Inoculated on the 5th-7th day of incubation and examined on the 18th day, the tumours 
attained a diameter as great as 2-1 em. Apart from the thin continuation of chick membrane 
covering the tumour, and the ingrowth of vessels, no histological evidence of reaction towards 
the invasion of foreign tissue was noted on the part of the embryo. Microscopically, the tumours 
were identical with those propagated in the usual way from rat to rat. Serial passage in eggs 
brought about no morphological changes in the cells, nor better nor worse growth of the implant, 
which could be successfully returned to the rat. Compared with sarcoma cells taken direct from 
the rat, the cells of the tumours on eggs disappeared in a far shorter time when transferred to 
adult chickens. 

In addition to the Jensen rat sarcoma, Murphy succeeded in growing chicken kidney, testis, 
ovary, bone and cartilage in the same manner, also various mouse tumours and a human sarcoma. 

After the 18th day of incubation a defence mechanism developed rapidly in the embryo, 
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quickly destroying any foreign tissue which might be present or rendering the embryo refractory 
to any transplants which might thereafter be made (Murphy, 191l4a). This resistance could 
be supplied at an earlier stage by grafts of adult chicken spleen or bone marrow, but not of other 
adult organs (Murphy, 1914b), an observation not confirmed by Stevenson (1917 a and b). 

Working along similar lines, Stevenson (1918) observed that the rate of growth of tumours 
during their first transfer te the chorio-allantoic membrane was about the same as in the animal 
from which they were derived. For investigations demanding serial passage, the procedure was 
thus limited to the more rapidly growing tumours; the outiook for an attempt to grow human 
tumours in this manner Stevenson considered unencouraging, and he obtained no conclusive 
results in 8 attempts. 

















Fig.1. Carcinoma of human breast. Iron alum-haematoxylin and eosin. 
(Case 4). 


In general the tumours grown retained their characteristic structure except that their 
stroma was derived from the chick. Organization of the grafts occurred in a manner similar 
to that in the usual host, but more rapidly. With continued passage the rate of growth was 
impaired, probably owing to lack of suitable nutritive material since the effect was greater in 
the case of rapidly growing tumours. 

Schreck and Avery (1937) have confirmed the growth of rat and rabbit tumours on the 
choriv-allantoie membrane. 

Attempts to establish homoioplastic and heteroplastic transplants of normal embryonic and 
adult tissues on the chorio-allantois have been made usually from the developmental standpoint. 
References to the literature may be found in Oakley’s recent paper (1938), in which is described 
the growth of embryonic chick liver, adult hen liver, embryonic duck liver and foetal rat liver 
on the membrane. It seems to be established that a wide range of tissues, both homoioplastic and 


heteroplastic, grow to a greater or less extent on the membrane. 
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METHODS. 


After trying certain minor modifications, for inoculation of the eggs we returned to the 
method of Burnet (1933). Fowl eggs were inoculated on the 6th—10th day of incubation, duck 
eggs on the 8th-13th day. They were opened after a further 7-11 days (hen) or 14-21 days 
(duck). The implant consisted of tumour or other tissue minced as for transplantation experi- 
ments in animals. This operation was carried out in a tissue-culture box as soon as possible 
(usually immediately) after removal from the patient or animal, and the mince suspended in 
about twice its volume of Tyrode’s solution. Amounts varying from 0-1 to 0-2 ¢.c. were intro- 
duced into the artificial air sac. The eggs were then incubated at a temperature approximately 
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Fig. 2. Carcinomatous alveolus on chorio-allantois of fowl. Same case (4), magnification 
and staining as preceding. 


the same as that of man or the rabbit, as the case might be; fluctuations in temperature 
in the incubator were at most 0-3°C, above or below the mean desired. All inocula were cultured 
for sterility ; except in the case of lymphatic glands from cases of leukaemia, which were almost 
always contaminated, as were often the spleens of rabbits, the great majority were bacterio- 
logieally sterile. 


RESULTS. 


Except in two instances (Nos. 11 and 14), where in spite of contamination 
with bacteria or moulds a certain number of embryos survived and positive results 
were obtained, attempts to cultivate infected tissues have not been listed; such 
attempts, and those in which no eggs survived until the time of opening, numbered 
21. The other results obtained are charted in Table 1; in all cases they were con- 
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firmed by microscopical examination of serial sections. They show that malignant 
human cells, and normal cells of man and of the rabbit, are frequently able to 
survive and even to multiply on the chorio-allantoic membrane. The mortality 
among the embryos was often due, no doubt, to the heavy inoculum and occurred 
within the first few days. Of the eggs surviving until the time of opening, a very 
variable proportion gave positive results ; some showed no evidence of ever having 
been inoculated, even though the amount of material introduced was comparatively 
large. 





— ~~ 

















Fig. 3. Survival of portal tract of rabbit’s liver on chorio-allantois of duck. Case 31. 
Stain as preceding. 


Eggs of the muscovy duck, with an incubation period of five weeks, were used 
in many of the experiments because in hen eggs the amount of growth was never 
sufficient to allow of successful passage to other eggs; it was hoped that with longer 
opportunity further growth would occur. So far this hope has not been realized. 
Owing perhaps to the greater difficulty, in an electrical incubator with fan-cireu- 
lated air, of providing the optimal conditions of humidity for the development of 
duck eggs, the mortality rate was much higher than with hen eggs, and the con- 
dition of survivors less ideal ; in contradistinction to what obtained with the latter, 
the mortalities occurred throughout the period of incubation alike in inoculated 
and in uninoculated eggs. The work with duck eggs continues in a different type 
of incubator. 
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Where in the table a ‘‘take’’ is recorded, it is implied that although much ot 
the material implanted underwent necrosis, a proportion of some, but not neces 
sarily all, the cellular elements present had obviously survived in a reasonably 
healthy state. Cells showing well-preserved nuclei (after incubation for a mini 
mum period of seven days) but with very fatty protoplasm were assumed to be 
not wholly healthy. In most instances of survival, however, the cells appeared as 
healthy as in the original material, which was always sectioned for purposes of 
comparison. In not a few cases mitoses testified to the actual multiplication of 
cells. Although occasionally when a lymph gland or a carcinoma had been inocu- 
lated, fibro-fatty tissue persisted without the specific lymphatic or epithelial 

















Fig. 4. Inflamed and cirrhotic human salivary gland. Iron alum-haematoxylin and eosin. 


elements, in the majority of successful transfers the latter also were represented, 
though they were often relatively much less numerous than in the original material. 
In most cases malignant cells seemed definitely less resistant to transfer than the 
fibro-fatty tissue in which they might be embedded, and they did not seem more 
prone to survive in their new surroundings than were non-malignant, highly 
specialized cells such as those of the renal tubules or of the adrenal cortex. 
In the case of the kidney the collecting tubules appeared more likely to survive 
than the convoluted tubules, and in one successful transfer of liver the portal 
tracts and larger bile ducts survived, with active proliferation of duct cells, when 
persisting liver cells were few and very fatty (Fig. 3). The latter observation 
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recalls that of Oakley with adult liver, rather than his experiences with the 
embryonic organ. 

Small fragments of tissue had sunk into and become completely covered by 
the chorio-allantois, being supplied with vessels and stroma by that structure (the 
process of ‘‘incorporation in’’ the membrane, to use the term of Willier, 1924). 
Larger fragments might be attached and invaded only at the base, presenting a 
necrotic surface to the artificial air sac; some such fragments were in process of 
being covered with a thin layer of chick epithelium growing over them from the 
periphery. 

















Pig. 5. Survival of salivary acini on chorio-allantois of fowl, Same case (22), magnifica- 
tion and staining as preceding. 


In many eases the surrounding chorio-allantois and the stroma of the vaseu- 
larized graft were the seat of variable inflammatory and fibroblastic infiltration ; 
and there was often extensive cornification and invasion of the epithelium, produc- 
ing under the low power appearances not unlike those in some slowly-growing 
squamous-cell carcinomata. Most of the smaller grafts were completely vaseu- 
larized with capillaries containing bird corpuscles. In one case (8), however, part 
of the graft still showed mammalian corpuscles in a capillary with perfectly pre- 
served endothelium. 

In the one successful graft of a proliferating Shope fibroma, inflammatory 
phenomena were intense and far more severe than in any other case; here they 
may have represented chiefly a specific effect of the virus. 
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The macroscopic appearance of the membrane depended to some extent on the 
size of the fragment of foreign tissue. Relatively large pieces might appear 
shrivelled from dessication, crumbly and dark in colour. Some such were not 
adherent, but in cases where survival and growth had oceurred in the layers in 
contact with the membrane the mass was adherent at its base. Smaller fragments, 
partly or wholly ‘‘incorporated in’’ the membrane, were encapsulated by a ring 
of vascular and thickened tissue. Some of the smallest ‘‘takes’’, considerably less 
than 1 mm. in diameter, appeared not unlike virus lesions. 

In discussing the results of transplanting normal embryonic and adult livers 
to the chorio-allantois of the chick, Oakley (1938) points out that suecess in trans- 
plantation of tissues depends on the relationship between graft and host, and the 
degree of individuality, both specific and personal, of each. ‘‘The chorio-allantois 
is a poorly individualized structure, which will allow the continued growth of 
almost any tissue whose degree of individualization, personal or specific, is not too 
extreme. 


”? 


Thus while embryonic chick liver grows readily, adult hen liver is 
sufficiently individualized to grow only poorly, while heteroplastic transplants 
even though of embryonic tissue grow even less. 

On the other hand, the present observations show clearly that in favourable 
circumstances multiplication on the membrane of normal adult and of neoplastic 
mammalian cells is almost the rule. Stevenson’s fear (1918) that the method as 
it stands is of little value in the study of human tumours was apparently well- 
founded, and in no ease did we obtain growth to anything like the extent noted in 
his experiments, and in those of Murphy (1913) or of Schreck and Avery (1937), 
with transplantable neoplasms of rodents. Our experiments continue, however, 
with the hope of achieving more satisfactory results. 


ILLUSTRATIVE PROTOCOLS. 


Case 2. Carcinoma of breast approximating to the schirrhous in type. 


Five of 8 hen eggs surviving 8 days after inoculation gave positive results. Most of the 
fragments of tumour were necrotic in large part but on one edge contained living fibroblasts and 
obvious carcinoma cells in active mitosis, The human vessels in the fragment were hardly recog- 
nizable. In two instances in which the fragments were vascularized abundantly with vessels 
containing nucleated red blood corpuscles, the carcinoma cells appeared particularly healthy and 
active. Numerous macrophages filled with fat and cellular debris penetrated these fragments; 
they were probably of avian origin. Non-specific lesions in the surrounding membranes were very 
prominent. 


Case 6. Carcinoma of breast of much the same type as the preceding. 


Two of 4 duck eggs surviving 17 days showed slightly vascularized fragments of tissue from 
which had disappeared all structures save a few well-preserved carcinomatous acini. The other 
cellular components of the original growth were wanting. 
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Case 8. Lymph gland with metastatic deposit from carcinoma of stomach. 


Two of 5 hen eggs surviving 7 days from the date of inoculation showed spherical nodules. 
These contained a small number of definite carcinoma cells, though the proportion of these to 
other elements was far lower than in the original material. In the centre of one nodule were 
capillaries of healthy appearance and filled with non-nucleated red blood corpuscles. No mitoses 
were noted. At the edges of the nodules, which were sharply demarcated from the looser chick 
tissue, capillaries containing nucleated red blood corpuscles were invading the fragment, accom- 
panied by numerous fibroblasts and leucocytes apparently of bird origin. 

Case 9. Omentum infiltrated with gastric carcinoma. 

Macroscopic ‘‘takes’’ were noted on 6 of 7 surviving hen eggs 9 days after inoculation. 
Two only were examined microscopically. The original material consisted largely of carcinoma 
cells lying in masses and ill-formed acini in a fibro-fatty background. The nodules on the eggs 
consisted almost wholly of fibro-fatty tissue more or less encapsulated by a condensation of the 
embryonic membrane and vascularized with capillaries containing bird corpuscles, Most of the 
nuclei in this tissue were well-preserved, and some fat cells showed mitosis. On the other hand, in 
most places the few surviving carcinoma cells were very fatty. At just one point seen during 
the examination of many slides, a group of excellently preserved carcinoma cells showed mitotic 
figures. 


Case 21. Human lymph gland. 


Taken from a case of carcinoma, the gland showed a definite subacute inflammation but no 
infiltration with malignant cells. 

Two of 5 hen eggs surviving 10 days after inoculation exhibited nodules composed of cells 
indistinguishable from those of the germinal centres of the original gland. Many were in active 
mitosis. Their nuclear characteristics were sufficiently different from those of the avian cells, 
and their general arrangement sufficiently similar to that of the original to allow of their recogni- 
tion as of human origin. On one side collagen bundles of considerable density bounded the 
nodule and contained many perfectly preserved fibroblasts; evidently this represented the capsule 
of the gland. Vascularization was with avian capillaries and corpuscles. 

As in many other cases, much of the original material was necrotic, and there was great 
cornification and down-growth of the epithelium of the membrane, 


Case 22. Inflamed human salivary gland. 

This was part of a mass removed from beneath the jaw of a patient following excision of an 
epithelioma of the lip. The gland showed considerable subacute inflammation and ‘‘cirrhosis’’, 
with alteration in the appearance of the acinar epithelium but no evidence of carcinomatous 
infiltration. (Fig. 4.) 

Nodules were present on each of 6 hen eggs 9 days after inoculation: two were sectioned. 
Microscopically they showed unmistakeable salivary acini lying in a stroma supplied by blood 
vessels containing avian corpuscles. (Fig. 5.) 

Case 26. Normal rabbit kidney. 

Two of 3 hen eggs surviving 10 days after inoculation showed survival of renal tissue 

The greater part of each fragment of kidney was necrotic: where, however, it was in contact 
with the chorio-allantoic membrane, vascularization of the fragment was proceeding and small 
groups of surviving tubules were ‘‘incorporated in’’ the chick tissue to the accompaniment of 
much leucocytie response. 
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SUMMARY. 


The power of normal and neoplastic human and rabbit cells to survive and 
grow on the chorio-allantois of the avian embryo is clearly demonstrated. So far, 


sufficient growth to enable the grafts to be passed in series has not occurred, and 
the observation is of largely academic interest. 
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